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ABSTRACT 
Questad, Erin J. (Ph.D.) 
Department of Ecology and Evolutionary Biology 
University of Kansas 
 
 Humans have dramatically altered natural disturbance regimes. We thus need 
to understand how these alterations affect plant communities and whether natural 
disturbance regimes can be restored. I explored the effect of disturbance on plant 
community patterns and species coexistence in grasslands of northeastern Kansas. In 
the first chapter, I examined the impact of disturbance associated with the five most 
common grassland management practices on plant community patterns. I measured 
species richness and differences in community composition among habitat patches at 
three spatial scales, at two levels of ecological resolution, and at three levels of 
taxonomic resolution. There were extensive changes to plant community structure 
associated with grassland management practices, which may be due to reduced 
environmental heterogeneity, increased dominance by perennial grasses, and/or 
decreased functional diversity. The second chapter investigates the smaller-scale 
disturbance associated with prairie vole, Microtus ochrogaster, burrows. I found that 
vole disturbance affected the mean values of nine environmental variables, 
contributed to environmental heterogeneity, increased local plant species richness, 
metacommunity evenness, and the presence of fugitive species. Variation in 
community composition was high among burrows because disturbance shifted the 
identity of dominant species away from the species dominant in the undisturbed 
matrix and allowed fugitive species to persist in higher abundances. These patterns 
are consistent with a successional mosaic and alternative successional trajectories 
among burrows disturbed at different times. In the third chapter, I used prairie vole 
burrows as a model system to develop a field experiment testing whether the timing 
of small-scale disturbances contributes to environmental heterogeneity, and whether 
the functional complementarity of species in the species pool affects the ability of 
community composition to reflect heterogeneity through species sorting. Disturbance 
treatments affected coexistence by creating colonization opportunities and 
successional niche heterogeneity. The effect of environmental heterogeneity on 
variation in community composition among habitat patches was the greatest in the 
presence of a complementary species pool. This interaction between complementarity 
and heterogeneity demonstrates the importance of trait variation among species for 
exploiting environmental variation among patches and suggests niche-based 
coexistence through species sorting. Together, these studies indicate how the negative 
impacts of human activities on plant communities can be mitigated by improving 
grassland management practices, restoring small-scale disturbance heterogeneity, and 
increasing the functional diversity of communities. 
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INTRODUCTION 
 Disturbance is an essential component of many natural ecosystems and is also 
a widespread consequence of human activities. The spatial extent of disturbance 
events can vary from small, such as soil trampling by animals, to large, such as 
flooding caused by hurricanes. In addition, the response of ecosystems to disturbance 
can occur at small scales (e.g., through reduced competition among co-occurring 
species) or at large scales (e.g., the extirpation of species not adapted to disturbance). 
This dissertation examines the scale-dependent effects of disturbance on grassland 
plant communities by addressing small-scale and large-scale sources of disturbance, 
and examining the scale-dependent community responses to these sources. 
 The intermediate disturbance hypothesis (IDH) has been invoked to explain 
the effect of disturbance on local diversity through the creation of niche opportunities 
and periods of decreased competition that lead to coexistence (Grubb 1977; Connell 
1978; Huston 1979; Sousa 1979; Huston 1994; Chesson & Huntly 1997; Platt & 
Connell 2003); however, evidence supporting this mechanism is equivocal (Mackey 
& Currie 2000). The IDH can be extended by understanding the effect of disturbance 
at more than one spatial scale (Shea et al. 2004), including scales larger than the 
disturbance itself. For example, a metacommunity can be a collection of disturbed 
and undisturbed local communities that are connected by dispersal in a landscape 
(Leibold et al. 2004; Holyoak et al. 2005). Measuring variation in community 
composition among patches (spatial turnover) is one method of evaluating the effects 
of disturbance on community composition at more than one spatial scale.  
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 Here, I study patterns of spatial turnover and examine the scale-dependent 
effects of disturbance on grassland plant communities. First, I investigate the 
relatively large-scale disturbance associated with grassland management in 
northeastern Kansas. I examine differences among management classes in species 
richness and spatial turnover measured at three spatial scales, two levels of ecological 
resolution, and three levels of taxonomic resolution (Chapter 1). Second, I study the 
smaller-scale disturbance associated with prairie vole, Microtus ochrogaster, 
burrows, its effects on resource heterogeneity, local diversity, spatial turnover, and 
metacommunity diversity (Chapter 2). Third, I use prairie vole burrows as a model 
system to develop a field experiment that tests whether disturbance contributes to 
environmental heterogeneity and influences coexistence through species sorting. 
Species sorting occurs when species exhibit tradeoffs for environmental factors that 
are distributed heterogeneously among patches in a habitat, and different species are 
favored in different patches, leading to spatial turnover of community composition 
among patches and coexistence at the community scale (Tilman & Pacala 1993; 
Chase & Leibold 2003). This experiment also investigates the impact of 
complementarity among species in the species pool on species sorting. 
Complementarity occurs when species are adapted to different resources, and it can 
promote coexistence through resource partitioning. I investigate whether 
complementarity affects the ability of community composition to reflect 
environmental heterogeneity and whether it contributes to coexistence through 
species sorting (Chapter 3).  
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CHAPTER 1. 
MANAGEMENT DISTURBANCE IN KANSAS GRASSLAND COMMUNITIES: 
PATTERNS OF COMPOSITIONAL TURNOVER, SPATIAL SCALE, AND 
TAXONOMIC RESOLUTION  
 
ABSTRACT 
 Understanding how land-use influences plant communities requires studying 
multiple management practices and many aspects of community structure. In 
addition, investigating community patterns that vary with spatial scale and the level 
of taxonomic or ecological resolution provides insight into the ecological processes 
responsible for the patterns. I studied the five most common classes of grassland 
management in northeastern Kansas. I analyzed plant community data recorded at 
three spatial scales in 98 managed grassland sites, and examined species richness and 
patterns of compositional turnover among patches (spatial turnover) at these scales, at 
two levels of ecological resolution (species and functional group), and at three levels 
of taxonomic resolution (species, genus, and family). Management practices caused 
significant changes in plant community diversity, composition, and spatial structure. 
These changes arose from historical cultivation that had persistent effects on soil and 
community properties, the replanting of perennial grass species that changed the 
dominance structure of communities, and the contemporary management disturbance 
applied to the ecosystem. The response of diversity and spatial turnover to 
 4 
management depended on the spatial scale and taxonomic or ecological resolution of 
measurement. Management practices may reduce plant diversity by reducing 
environmental heterogeneity, increasing dominance by perennial grasses, and 
decreasing the functional diversity of communities. I suggest two major management 
changes that may mitigate some of these negative impacts: 1) increasing the use of 
hay management on native sites, and 2) improving the Conservation Reserve Program 
by increasing enrollment, adding more native prairie species to seed mixes, and 
incorporating a periodic mid-summer hay disturbance may enhance biodiversity 
conservation on these sites.  
 
INTRODUCTION 
 Disturbance is an important component of many natural ecosystems and is 
also a widespread consequence of human activities (Vitousek et al. 1997; Foster et al. 
2003). It can have a variety of impacts on ecosystem structure, including removing 
organisms or reducing their growth rates, altering environmental conditions and 
resources, and establishing unique habitats. Disturbance can facilitate species 
coexistence by decreasing the abundance of competitively dominant species and 
creating niche opportunities for inferior competitors (Grubb 1977; Connell 1978; 
Huston 1979; Sousa 1979; Huston 1994; Chesson & Huntly 1997; Platt & Connell 
2003). In the North American tallgrass prairie ecosystem, fire and bison grazing are 
key sources of disturbance that have shaped plant and animal communities (Collins et 
al. 1998; Knapp et al. 1998; Knapp et al. 1999a); however the remaining tallgrass 
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prairie is less than 18% of its original range (Klopatek et al. 1979; Samson & Knopf 
1994; Noss et al. 1995), and is subject to altered natural disturbance regimes. In 
addition, these prairie remnants are often managed for cattle or hay production and 
the areas surrounding them have a variety of agricultural uses, including crop 
production and grazing or hay production on cool-season grasslands. This landscape 
is now a mosaic of sites with different management practices employing different 
disturbance regimes that have had significant impacts on plant species diversity (Jog 
et al. 2006). Thus, it is important to understand how management has altered plant 
community structure in both remnant prairies and in other extensively managed 
grasslands in order to inform restoration and adaptive management practices in this 
landscape (Lindenmayer et al. 2007). 
 In addition to species diversity, disturbance can influence other aspects of 
plant community structure, such as variation in community composition among 
habitat patches (spatial turnover). In tallgrass prairies, spatial turnover reflects 
variation among patches in disturbance intensity, disturbance frequency, and 
community dominance and is influenced by disturbance from a variety of sources, 
including fire, ungulate grazing, and small-mammal activity (Collins 1989; Gibson 
1989; Collins 1992; Collins & Smith 2006; Veen et al. in press). Like disturbance in 
native prairies, the changes to natural disturbance regimes caused by grassland 
management practices may alter patterns of spatial turnover. 
 The effect of disturbance on plant community structure can also vary with 
spatial scale (Wiens 1989; Levin 1992; Collins & Smith 2006). In the tallgrass prairie 
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ecosystem, disturbance occurs from multiple sources operating at different spatial 
scales, from the small scale soil trampling by ungulate hooves to the large scale of 
managed fires (Collins & Glenn 1991; Collins & Smith 2006). Even the same source 
of disturbance may have different effects on community composition at different 
scales. For example, selective foraging decisions by grazers can increase spatial 
turnover at small scales due to variable grazing intensity among patches (Veen et al. 
in press), whereas grazing can reduce spatial turnover at large scales by affecting 
patterns of dominance by C4 grass species (Vinton et al. 1993; Adler et al. 2001; 
Collins & Smith 2006). It is likely that the effect of managed disturbance regimes on 
patterns of spatial turnover may also vary with scale. Hay management may cause 
similar patterns of spatial turnover at small and large scales because cutting hay 
applies a uniform disturbance across the community. Replanted grasslands on 
previously cultivated sites may also have similar small and large scale turnover 
patterns due to a history of plowing and the uniform planting of perennial grass 
species. 
In addition to spatial scale, patterns of community structure can also vary with 
the level of ecological or taxonomic resolution considered, which may reveal the 
effects of different ecological processes that organize community composition. A 
large body of community assembly theory postulates that patterns of community 
composition are shaped by both stochastic, historical events that can no longer be 
observed as well as deterministic processes (Diamond 1975; Temperton et al. 2004). 
Historical contingencies (e.g., priority effects) can lead to high spatial turnover in 
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species composition among communities, but deterministic processes can maintain 
species with similar traits among communities (Drake 1991; Fukami et al. 2005). 
Thus, patterns of community composition can vary when measured at different levels 
of ecological resolution (i.e., species vs. functional groups). It has also been proposed 
that the ecological processes that drive compositional patterns may differ with 
taxonomic resolution (e.g., species, genus, family, phyla), and that large scale 
processes like climate and biogeography will affect higher taxonomic levels and 
small scale processes like competition for resources will primarily affect species 
composition (Anderson et al. 2005). The result of this effect is that community 
patterns that are apparent at the species level may be obscured at higher levels of 
taxonomic resolution; however, this idea has received little attention in grassland 
ecosystems (but see Fukami et al. 2005). In addition, human-induced ecological 
changes could have greater impacts on community organization than natural 
ecological processes (Vitousek et al. 1997; Foster et al. 2003) and their effect on 
community composition measured at different taxonomic levels deserves further 
exploration. 
Here, I investigate how grassland management practices have affected plant 
community diversity, composition, and spatial structure in the managed landscape of 
northeastern Kansas. I studied the five most common classes of grassland 
management in this region (Table 1): cool-season hay (C-H), cool-season grazed (C-
G), warm-season native hay (W-NH), warm-season native grazed (W-NG), and 
warm-season Conservation Reserve Program (W-CRP). These classes include sites 
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that have been historically cultivated and replanted with perennial grasses (C-H, C-G, 
and W-CRP) and native prairie remnants (W-NH and W-NG). Contemporary 
management practices also vary among sites, including hay production (C-H and W-
NH), cattle grazing (C-G and W-NG), and conservation (W-CRP).  
In addition to differences in historical and contemporary management 
practices, there are likely other site features that are associated with management 
classes. For example, native sites remain intact because their topography made them 
unsuitable for plowing, and hay-managed sites may be more level than grazed sites to 
facilitate mowing. Here, I focus on plant community patterns as a function of 
historical cultivation, contemporary management, and their interaction; but recognize 
that there may be landscape features that also contribute to community differences 
among management classes. 
I analyzed plant community data recorded at three spatial scales in 98 
managed grassland sites, and examined species richness and spatial turnover at these 
scales and at two levels of ecological resolution (species and functional group) and 
three levels of taxonomic resolution (species, genus, and family). I thus test for 
differences in plant community structure as a function of historical and contemporary 
grassland management practices by examining patterns of 1) species diversity and 
variation in community composition among sites; 2) species richness and spatial 
turnover measured at different scales within sites; and 3) species richness and spatial 
turnover measured at different levels of ecological and taxonomic resolution. 
 9 
METHODS 
Sampling 
The study area was an agricultural region that was approximately 1500 km2 in 
size and located at the prairie-forest ecotone of northeastern Kansas in Jefferson, 
Leavenworth, and Douglas counties (39ºN, 95ºW; Fig. 1.1). Hay production and 
cattle grazing account for approximately 45% of the value of agricultural products 
from these three counties, and grain production (corn, soybeans, and wheat) account 
for the majority of agricultural products (Kansas Agricultural Statistics Service 2006). 
Sites with areas greater than or equal to one hectare were identified from a previous 
study of managed grasslands (Murphy et al. 2006), the Kansas Natural Heritage 
Program database of tallgrass prairie remnants, digital aerial photography (NRCS 
2003), and driving surveys. In order to minimize the influence of substrate variation, 
sites with silt loam or silty clay loam soils and upland topography were selected for 
sampling (Dickey et al. 1977a; Dickey et al. 1977b; Zavesky & Boatright 1977). All 
sites were privately owned, and land owners were contacted to obtain permission for 
sampling and to determine the dominant management practice on the site. 
 Field crews sampled 98 sites in five grassland management classes (Table 
1.1), representing the major grassland land-cover in the region: cool-season hay (C-H, 
20 sites), cool-season grazed (C-G, 24 sites), warm-season hay (W-NH, 18 sites), 
warm-season grazed (W-NG, 17 sites), and conservation reserve program (W-CRP, 
19 sites). These management classes were based on historical and contemporary land-
use. C-H and C-G sites were historically plowed, planted with crops, taken out of 
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cultivation, and reseeded with exotic cool-season grass species, most commonly 
Bromus inermis, and Lolium arundinacea (Kansas Agricultural Statistics Service 
2006). Cool-season grasses use the three-carbon (C3) photosynthetic pathway, grow 
in the cooler spring and fall months, and reach peak biomass in early summer. W-NH 
and W-NG sites are never-plowed tallgrass prairies and are dominated by warm-
season grasses and native forb species. Warm-season species use the four-carbon (C4) 
photosynthetic pathway, grow most actively during the warm, dry summer months, 
and reach peak biomass during the late summer. Hay management on C-H and W-NH 
sites involves cutting and baling all plant material from the field during times of peak 
biomass. These times are typically June for C-H and July for W-NH (C. Freeman, 
pers. comm.). Grazed sites are generally stocked with cattle during the growing 
season and allowed to rest during the dormant period. W-CRP sites were historically 
plowed and cultivated for crop production. Landowners receive a federal government 
subsidy to plant native warm-season grass species (USDA 2007b), and they 
occasionally burn these sites. No other management occurs on W-CRP sites except in 
cases of drought when they can be grazed.  
 All 98 sites were surveyed from 26 May through 28 July 2004. In order to 
characterize the plant community at various spatial scales in each site, three replicates 
of nested quadrats were evenly distributed along a 100-m transect located in an 
upland, interior area. Nested quadrats measured three spatial grains: 1 m2 (1 x 1 m), 
100 m2 (10 x 10 m), and 400 m2 (20 x 20 m). All plant species were recorded in each 
quadrat, and percent cover for each species was visually estimated in the 400-m2 
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quadrats. To measure the soil quality of each 400-m2 quadrat, three 150-mm deep soil 
samples were collected with a 914-mm tube sampler for pH and nutrient analysis. The 
three samples were mixed together and air dried at room temperature (22-27ºC) to a 
constant mass. Soils were sifted through a 2-mm sieve to remove roots and plant 
debris. Samples were sent to the Soil Testing Laboratory at Kansas State University 
where they were analyzed for total soil nitrogen and carbon (% by mass) using a 
LECO CN 2000 dry combustion analyzer. Soil pH was measured using a glass 
electrode pH meter (McLean 1982). 
Taxonomic and functional group classification 
In order to examine community patterns at different levels of taxonomic 
resolution, species were placed into genera and families using The Flora of the Great 
Plains (GPFA 1986). To compare patterns at different levels of ecological resolution, 
each species was placed into a functional group based on its longevity and growth 
form. Species were divided into four longevity classes (annual, annual/biennial, 
biennial, and perennial) and ten growth form classes (C3 grass; C4 grass; non-grass 
graminoid; C3 forb; C4 forb; shrub; vine; tree; leguminous forbs; and leguminous 
vines, shrubs, and trees). I classified species based on information in Downton 
(1975), GPFA (1986), Towne (2002), and USDA (2006). When these sources 
provided inconclusive information, I consulted with experts on the species in this 
geographical region to make classifications (K. Kindscher and S. Jog, pers. comm.). 
Species were placed into functional groups using all combinations of longevity 
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classes with growth form classes, thus each species was placed into only one 
functional group. 
Data Analysis 
 To characterize the diversity patterns for each site, I first calculated the 
relative abundance of each species in a site by adding its percent cover from the three 
400-m2 quadrats and dividing that sum by the total vegetative cover from the three 
quadrats. These data were used to calculate site-level species richness (S), species 
evenness (E), and Simpson’s index of species diversity (D’) (McCune & Mefford 
1999). The relative abundance of each functional group was determined in order to 
calculate site-level functional group richness (SFG), functional group evenness (EFG), 
and functional group diversity (D’FG). I calculated site-level metrics of soil quality 
(soil N, C, and pH) by averaging the three values of each measure from the 400-m2 
quadrats for each site. In order to examine the heterogeneity of soil conditions, I 
calculated the coefficient of variation (CV) of soil N and C for each site. 
To test the effect of management class on site-level S, E, D’, FR, SFG, EFG, 
D’FG, soil N, soil C, soil pH, CV N, and CV C, I used two analysis of variance 
(ANOVA) models in Minitab 14.1. One model was a one-way ANOVA using the 
five management classes as fixed factors. The other model was a two-way ANOVA 
omitting the W-CRP sites. The two factors were Historical Disturbance (cultivated or 
not cultivated) and Contemporary Disturbance (hay or grazing management). By 
omitting the W-CRP sites from this analysis, I obtained a balanced design and could 
test for an interaction between Historical and Contemporary Disturbance. For each 
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model, residuals were tested for normality using a Kolmogorov-Smirnov test (P > 
0.10) and homogeneity of variance (HOV) was tested with Bartlett’s test (P > 0.10). 
If normality or HOV assumptions were not met, I used a Kruskall Wallis test for one-
way models and the Scheirer-Ray-Hare extension of the Kruskal-Wallis test for two-
way models (Sokal & Rohlf 1995). To further characterize the composition of plant 
communities in each management class, I performed detrended correspondence 
analyses (DCA) in PC-ORD 4.14 at two levels of ecological resolution, one using the 
species relative abundance data and one using the functional group relative 
abundance data. I used DCA because its rescaling procedure performs better than 
unconstrained ordination techniques when analyzing large, ecological datasets like 
this one that are likely to have non-linear distributions (McGarigal et al. 2000). To 
evaluate the variance explained by ordination axes, I calculated a coefficient of 
determination for each axis between relative Euclidean distance in the species space 
to Euclidean distance in the ordination space (McCune & Mefford 1999). 
I used the site-level community data and spatial turnover metrics to 
characterize variation in community composition (compositional variation) among 
sites in each management class. Spatial turnover metrics measure differences in 
community composition on a scale of zero (identical communities) to one 
(completely different communities). I used two turnover metrics to measure the 
compositional variation among all sites in each management class: 1) Jaccard 
dissimilarity estimated turnover using species presence-absence data and 2) Bray-
Curtis dissimilarity used species relative abundance data. I used PERMDISP to 
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determine whether community composition was more variable among sites in certain 
management classes (Anderson et al. 2006). PERMDISP finds the mean deviation of 
sites from the centroid for each management class and uses permutations to 
statistically evaluate differences in mean deviation from the centroid among classes. 
This permutational approach does not require some of the assumptions of classic 
multivariate and parametric statistical analyses, and was developed for use with 
multivariate community datasets like this one. I ran two PERMDISP analyses with 
999 permutations, one using Jaccard dissimilarity to measure compositional variation 
and one using Bray-Curtis dissimilarity. 
To test whether plant diversity patterns vary with spatial scale and taxonomic 
or ecological resolution, the following diversity metrics were calculated for each 
quadrat: species richness (SS), generic richness (SG), family richness (SF), and 
functional group richness (SFG). I calculated the mean of each of these values over the 
three replicate quadrats of a given size in each site, resulting in three values of each 
metric for each site representing the mean for 1-m2, 100-m2, and 400-m2 quadrat 
sizes. In order to test whether spatial turnover varied with spatial scale and taxonomic 
or ecological resolution, I calculated spatial turnover (Sorenson’s dissimilarity index) 
of species (TS), genera (TG), families (TF), and functional groups (TFG) among all 
possible pairs of quadrats of each size in a site and found the mean spatial turnover 
for each quadrat size in each site.  
 To test whether the effect of management on community patterns was scale-
dependent, I used a repeated-measures ANOVA in SPSS 14.0. The repeated measure 
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was sampling area (1-m2, 100-m2, and 400-m2) and management class was a fixed 
factor with five levels. A significant interaction term indicated the effect of 
management on the dependent variable varied among sampling areas. I ran separate 
ANOVA’s for SS, SG, SF, SFG, TS, TG, TF, and TFG. I log-transformed richness 
measures to allow for a more direct comparison of the effects of management among 
areas of different sizes (Rosenzweig 1996). I tested the residuals for normality using 
the Kolomogorov-Smirnov test (P > 0.1) and the variance-covariance matrix for 
circularity with Mauchly’s W (P < 0.05). If the variance-covariance matrix did not 
meet the assumption of circularity, I adjusted the degrees of freedom for F-tests based 
on the Huynh-Feldt Epsilon. I qualitatively compared the results of these ANOVA’s 
to examine the effects of taxonomic and ecological resolution. In particular, I was 
interested in whether significant effects occurred at some levels of resolution and not 
at others. 
 
RESULTS 
Site-level patterns 
Over all sites, 390 species in 224 genera, 66 families, and 20 functional 
groups were observed (Table 1.2). Most species were perennial (32%) and annual 
(17%) forbs. Site-level (across the three 400-m2 plots) S ranged from 7 to 108 species. 
Warm-season native sites had the greatest values of species and functional group 
metrics analyzed at the site level (Table 1.3). Cool-season sites had the lowest S, E, 
D’, and SFG; W-CRP sites had intermediate values for these metrics. The historical x 
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contemporary disturbance interaction was significant for values of S and EFG (Table 
1.3), which occurred because grazed sites had lower values than hayed sites among 
warm-season grasslands, but grazed sites had values greater than or equivalent to 
hayed sites among cool-season grasslands. Warm-season native sites had the greatest 
soil N and C (Table 1.3). Grazed sites had greater N and C than hayed sites. W-CRP 
sites had the lowest N and C and the highest pH, and W-NH sites had the lowest pH. 
There was no effect of management class, historical disturbance, contemporary 
disturbance, or the historical x contemporary disturbance interaction on soil 
heterogeneity variables, CV N and CV C (P > 0.20). 
DCA of both species and functional groups provided clear separation of 
warm-season and cool-season sites on the first axis, which was highly influenced by 
dominant perennial grass species (Fig. 1.2). W-CRP sites were more closely 
associated with native sites, and were the farthest sites from cool-season sites on the 
first axis. W-NH and W-NG sites separated on the second species axis, with W-CRP 
sites more closely associated with W-NG (Fig. 1.2a and 1.2b). Grazed and hayed 
cool-season sites did not separate on this axis, and W-NH and W-NG sites did not 
separate on the second axis when functional groups were analyzed (Fig. 1.2c and 
1.2d). There were significant differences in compositional variation (mean deviation 
from centroid) among management classes using species presence-absence (FPERMDISP 
= 23.77, P < 0.001) and species relative abundance (FPERMDISP = 7.06, P < 0.001) data, 
showing that the degree of variation in community composition among sites was 
related to management class. Using presence-absence data, compositional variation 
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was higher among cool-season and W-CRP sites and lower among warm-season sites 
(Fig. 1.3a). Using relative abundance data, compositional variation was higher among 
grazed (C-G and W-NG) and W-NH sites and lower among C-H and W-CRP sites 
(Fig. 1.3b).  
Spatial scale and taxonomic/ecological resolution 
 Warm-season sites had the greatest values for all richness measures [species 
richness (SS), generic richness (SG), family richness (SF), and functional group 
richness (SFG)] at the three spatial scales sampled (Fig. 1.4). W-NH sites had greater 
SS, SG, and SF than W-NG sites, but had similar SFG. The scale x management 
interaction was significant for SS, SG, SF, SFG, spatial turnover of species (TS), and 
spatial turnover of genera (TG; Table 1.4, Figs. 1.4 and 1.5). There was a greater 
difference in SS, SG, SF, and SFG among management categories at small scales 
compared to large scales. TS and TG of warm-season sites was higher than other 
management categories at the 1-m2 scale and was lower or equivalent at the 400-m2 
scale (Fig. 1.5). In particular, W-NG sites had high TS and TG at the 1-m2 scale, and 
W-NH sites had low TS and TG at the 400-m2 scale. This interaction did not occur for 
spatial turnover of families (TF) or functional groups (TFG), and there was no main 
effect of area on TFG. In general, cool-season and W-CRP sites had TF and TFG greater 
than or equivalent to warm-season sites at all spatial scales. 
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DISCUSSION 
 I found significant differences in plant community diversity, composition, and 
spatial structure among management regimes. These differences were associated with 
historical cultivation that had persistent effects on ecosystem properties, the 
replanting of perennial grass species that changed the dominance structure of 
communities, and the contemporary management disturbance applied to the 
ecosystem. There was an influence of contemporary management disturbance on 
values of site richness and functional group evenness among native sites, but not 
among historically cultivated cool-season sites. In addition the differences in richness 
and spatial turnover among management classes depended on the spatial scale and 
taxonomic or ecological resolution of measurement. Management practices may 
influence community patterns by reducing environmental heterogeneity, increasing 
dominance by perennial grasses, and decreasing the functional diversity of 
communities.  
Historical and contemporary disturbance 
 Sites that were historically cultivated and replanted with grass species had 
much lower diversity than native sites. These cultivated sites also had lower 
functional group diversity, lower soil quality, and a distinct community composition. 
The patterns of species richness and functional group evenness among contemporary 
management regimes differed between cool-season and warm-season sites. Among 
warm-season sites, grazed sites had lower species richness and the evenness of 
functional groups when compared to hay management, but this pattern did not occur 
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among cool-season sites. These results suggest that in this cultivated landscape, the 
large-scale historical conversion of prairie to cool-season grasslands likely has a 
greater impact on plant diversity than localized contemporary management practices. 
 Soils on cultivated sites have been severely impacted by repeated plowing, 
erosion, and fertilizer use. These practices have likely had long-term impacts, 
including the reduced soil N and C and increased pH found in this study, which may 
be a result of topsoil erosion, extensive cultivation, and removal of biomass that 
reduces nutrient inputs from decomposition (Knops & Tilman 2000; Foster et al. 
2003; Murphy et al. 2006). This nutrient limitation could create harsh environments 
in which only a few species can persist, thus limiting plant diversity (Huston 1994). 
Diversity may be further limited by extensive habitat fragmentation that prevents 
native species from recolonizing a site once it is removed from cultivation and 
replanted with perennial grasses (MacArthur & Wilson 1967; Cook et al. 2005). 
 There was a trend among cool-season sites for greater species richness and 
functional group evenness with grazing management, compared with hay 
management, which could be a result of nutrient cycling and disturbance effects that 
differ among these management practices. Homogeneous fertilization and mowing on 
hay sites may promote dominance by cool-season grass species (Murphy 2004), 
whereas grazing may produce more heterogeneous patterns of disturbance and 
nutrient additions from dung and urine (Mcnaughton 1979; Day & Detling 1990; 
Vandvik & Birks 2002a, b) that could cause more variable dominance patterns. Thus, 
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competitive exclusion may contribute to lower diversity and functional group 
evenness on hay sites, and grazing management may reduce this effect. 
 Contemporary management of warm-season native grasslands exhibited 
opposite patterns: hayed sites had greater species richness and functional group 
evenness than grazed sites. The lower diversity in grazed sites could be due to soil 
erosion that occurs from grazing (or over-grazing) on these sites. Erosion may also be 
a result of the steeper slopes present on native grazed sites, a site characteristic that is 
associated with this management practice (E.J. Questad, unpublished data). In 
addition, lower diversity could result from the elimination of species that cannot 
tolerate cattle grazing but are adapted to hay disturbance. Bison grazing can promote 
the growth of specific functional groups that are adapted to this type of disturbance 
(Towne et al. 2005), thus increasing the dominance of these groups and reducing 
functional group evenness of the community; but I did not find differences in 
functional group composition between W-NH and W-NG sites using multivariate 
ordination, suggesting that cattle grazing may not have this effect on the functional 
groups I analyzed. 
  It is possible that cattle grazing management in this region may not have the 
same impact on plant diversity as bison grazing (Towne et al. 2005). Bison 
preferentially graze Andropogon gerardii and other dominant C4 grasses, which 
decreases dominance and competitive exclusion and increases diversity compared to 
ungrazed prairie (Knapp et al. 1999a; Towne et al. 2005). Cattle grazing can have 
similar impacts on plant community diversity when cattle are stocked equally to 
 21 
bison; however, the management decisions associated with cattle grazing (e.g., 
stocking rates, herbicide use, etc.) may cause plant community changes that differ 
from bison (Towne et al. 2005). Stocking rates of cattle may be higher than naturally 
occurring bison populations, which could lead to soil erosion and high rates of 
disturbance that negatively affect plant communities. Herbicide application for 
unpalatable species may also reduce diversity on these sites. 
Site composition 
 In addition to differences in measures of diversity, I also found significant 
differences in species and functional group composition among management classes, 
indicated by the separation of sites on multivariate axes (Fig. 1.2). I found that cool-
season sites (C-H and C-G) separated from warm-season sites (W-NH, W-NG, and 
W-CRP) on the first axis, which revealed the effect of the dominant grass species on 
community composition. In this case, W-CRP sites were more similar to native 
warm-season sites even though W-CRP sites have experienced the most cultivation, 
showing that some aspects of native community structure can be restored through 
simple seed additions of native warm-season grasses. The effect of dominant species 
on composition was maintained when functional groups were used in the ordination. 
In contrast, sites undergoing hay and grazing management had distinct compositions 
among warm-season sites for the species ordination, but not for the functional group 
ordination, suggesting that compositional differences among these sites occur at the 
species level. 
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 The variation in community composition among sites also differed among 
management class. Using presence-absence data, I found greater compositional 
variation among cultivated sites compared to native prairies. These results differ from 
studies of serpentine plant communities in the California Floristic Province (Harrison 
& Inouye 2002) and tallgrass prairies in the state of Iowa (Wilsey et al. 2005), which 
found high compositional variation (beta richness) among remnant native 
communities. The area of the California Floristic Province is 293,804 km2 
(Conservation International 2007) and the state of Iowa is 144,701 km2 (U.S. Census 
Bureau 2008), compared with 1,500 km2 in my study. Thus, the contrasting results 
are likely due to the smaller geographic extent and the deliberate selection of sites 
with similar substrate and climatic conditions in my study (Condit et al. 2002).  
 The observed patterns of high compositional variation among cultivated sites 
could occur in response to several factors. First, most native prairie remnants are 
intact because their topography made them difficult to plow, leading to similar 
topographical features among these sites that could contribute to their compositional 
similarity. Second, cultivated sites have fewer species and are dominated by planted 
grass species. Even small differences in the identity of less common species could 
have large impacts on compositional variation in these low-diversity sites because 
they account for a greater proportion of the total number of species. Third, 
compositional variation may be a result of differences in management practices 
among landowners. For example, the rate of fertilizer application, herbicide use, 
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stocking density of cattle, or timing of hay harvest may vary more among land 
owners of cool-season grasslands than native warm-season sites. 
 In contrast to the presence-absence patterns, relative abundance patterns 
showed that native warm-season sites and grazed sites had greater compositional 
variation than cool-season hay or W-CRP sites. This result may demonstrate the 
influence of contemporary management practices on dominance patterns. For 
example, cool-season hay sites are managed with uniform fertilizer application and 
mowing, which likely creates high levels of dominance by cool-season grass species, 
leading to greater compositional similarity among sites. W-CRP sites are planted with 
warm-season grass species and receive little additional management, a practice that 
promotes warm-season grass dominance (Knapp et al. 1998). In contrast, grazing 
management may be more variable due to different stocking densities or grazing may 
favor opportunistic species that vary among sites, thus creating greater variation in 
composition. Native warm-season sites have greater species evenness and lower 
dominance, which may cause the relative abundances of species to vary among sites. 
Thus, reducing dominance by perennial grass species may be one aspect of adaptive 
management that is important for restoring natural community structure within sites 
and at the landscape scale. 
Spatial scale and taxonomic/ecological resolution 
 The scale-dependence of community patterns can also help reveal the 
processes that cause these patterns (Wiens 1989; Levin 1992; Scheiner et al. 2000). 
One aspect of determining scale-dependence is testing whether the relationship 
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between a causal factor, such as management class, and a response variable, such as 
species richness or spatial turnover in species composition, is rank-invariant 
(Scheiner et al. 2000). Rank-invariance occurs when causal factors have the same 
effect across the observed scales, and rank-variance indicates that the effect of the 
causal factor depends on the scale observed. Here, I found rank-invariance for all 
measures of richness among management classes (i.e., warm-season hay sites had the 
greatest richness at all scales, followed by warm-season grazed, etc.). In contrast, I 
found rank-variance for measures of spatial turnover (TS and TG), where warm-season 
sites had higher turnover than other management classes at small scales and lower or 
equivalent turnover at large scales.  
 These scale-dependent patterns could have several explanations. High 
turnover at small scales may arise due to a reduction in dominance caused by 
disturbance (Veen et al. in press), fine-scale species sorting across environmental 
heterogeneity (Tilman & Pacala 1993; Questad & Foster in press; Chapter 3), 
stochastic events (Vandvik & Birks 2002a), or historical contingencies that lead to 
priority effects and alternative community states (Drake 1991). Cultivation may have 
reduced the ability of these processes to influence turnover by eliminating natural 
patterns of environmental heterogeneity and increasing dominance by planted 
perennial grasses. This replanting also reduces the trait variation among species in the 
species pool by introducing many seeds from one functional group. Trait variation 
can be important for allowing different species to exploit different environmental 
conditions throughout the ecosystem (species sorting) and can significantly affect 
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spatial turnover (Questad & Foster in press; Chapter 3); therefore, changes in 
dominance patterns caused by cultivation may influence turnover directly and 
indirectly through a reduced capacity for species sorting. A reduction in turnover at 
larger scales in warm-season sites may be due to incorporating more of the same 
habitat types in sampling quadrats (Rosenzweig 1996), such as including both grazed 
and ungrazed patches in all samples (Vinton et al. 1993; Adler et al. 2001; Collins & 
Smith 2006).  
 These patterns could also arise if different niche dimensions structured 
communities at different scales. This idea is consistent with the results at different 
levels of taxonomic and ecological resolution. I found the differences in spatial 
turnover among management classes to be scale-dependent for species and genera, 
but not for families or functional groups, suggesting that scale-dependent processes 
are not as important for structuring coarser levels of taxonomic and ecological 
resolution. It is possible that community structure at these coarser levels is most 
influence by dominant perennial grass species. The species and genera of these 
dominant individuals may vary among 1-m2 plots, but their family and functional 
groups are the same. Thus, it is possible that niche differentiation structures small-
scale species and generic composition, but larger-scale phenomena (e.g., 
environmental gradients, management disturbance) influence families and functional 
groups. I also found greater overall spatial variation in cool-season and W-CRP sites 
for both family and functional group composition, but no area x management 
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interaction, suggesting that large-scale management practices had an overriding 
influence on patterns of family and functional group structure at all scales.  
 Finally, it is also possible that scale-dependent patterns of spatial turnover 
could be associated with the species diversity or number of individuals present on a 
site, and native sites with higher diversity (and possibly more individuals) may 
exhibit scale-dependent patterns that species-poor sites do not. The absence of scale-
dependence when analyzing turnover of families and functional groups is also 
consistent with this idea, where reducing the number of taxonomic groups compared 
across plots also reduced scale-dependent patterns. 
Management Implications 
 Distinct and significant differences in community structure occurred among 
management classes. Although this study is based on observational data, the 
extensive survey of 98 privately-owned sites provides insight into the impacts of 
management decisions on biodiversity in this region. Conserving the remaining 
tallgrass prairie remnants will have the greatest impact on preserving native species 
diversity and populations of conservative plant species (Jog et al. 2006). I propose 
several additional changes to management practices that may increase biodiversity in 
grassland communities, but acknowledge that they should receive further examination 
before they are implemented. These recommendation include: 1) increasing the use of 
hay management on native prairie remnants, and 2) improving the Conservation 
Reserve Program by increasing enrollment, adding more native prairie species to seed 
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mixes, and incorporating a periodic mid-summer hay disturbance may enhance 
biodiversity conservation on these sites.  
 The community differences among W-NH and W-NG sites suggest that 
contemporary management disturbance can play a role in maintaining diversity in 
native prairies, and that hay management in particular may be an important tool for 
prairie plant conservation. I propose that mid-season hay management may 
approximate the prehistoric fire disturbance to which these native tallgrass 
communities have adapted. The majority of widespread fires ignited by lightening 
likely occurred during July-October as a result of vegetation flammability and 
weather conditions (Bragg 1982; Higgins 1984; Howe 1994a). Currently, burning 
management in prairies occurs early in the growing season (March-May), during 
periods with higher rainfall, in order to prevent uncontrollable fires. Burning in the 
early season reduces shrub invasion, but reduces diversity by increasing the 
dominance of warm-season grass species that exclude cool-season grasses and forbs 
from the community (Howe 1994a; Collins et al. 1998; Knapp et al. 1998). Late-
season fire disturbance has been shown to reduce dominance and increase species 
diversity compared to cool-season fires and has been suggested to mimic prehistoric 
fires that were ignited by lightening (Howe 1994a, b). I suggest that mid-season hay 
management, which occurs in mid-July, may promote greater species coexistence by 
approximating late-season fire. In addition, other studies have suggested that mowing 
and grazing can cause similar increases to plant diversity by reducing competitive 
dominance (Collins et al. 1998; Knapp et al. 1999a; Knapp et al. 1999b). Mowing 
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may also be a lower intensity disturbance that benefits species of conservation 
concern (Knapp et al. 1999b; Leach et al. 1999), such as Mead’s milkweed, a 
federally endangered plant species (Jog et al. 2006). Thus, implementing hay 
management may enhance community composition on grazed sites; and reducing 
stocking densities and resting sites in order to reduce erosion, temporarily switching 
sites to hay management, or rotating hay management through portions of a site 
should be explored.  
 The management of W-CRP sites could also be adapted to increase plant 
diversity. The W-CRP communities in this study have undergone the most intense 
cultivation; however, when compared to cool-season sites they have greater diversity, 
florisitic quality, and support more conservative prairie species (Jog et al. 2006). 
Thus, the Conservation Reserve Program (CRP) serves an important role in this 
region, not only for its main purposes of conserving wildlife and soil properties 
(Natural Resources Conservation Service 2000), but also for conserving plant 
biodiversity.  
 I suggest three changes to CRP management to explore in the context of 
biodiversity conservation. First, increasing enrollment in the CRP will increase the 
area of favorable native plant habitat and could reduce habitat fragmentation if sites 
are strategically placed in the landscape. Recent increases in the price of corn and 
potential government subsidies for corn-based ethanol production may soon reduce 
the number of sites enrolled in the CRP, and could be detrimental to soil and 
biodiversity conservation in this region. Second, the CRP could be enhanced by 
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adding more native prairie species to seed mixes, including forbs and native cool-
season grasses. Third, incorporating a periodic mid-summer hay disturbance may 
enhance native species diversity on CRP sites. This type of disturbance could also 
serve the purpose of biomass collection for cellulosic energy production (Tilman et 
al. 2006; USDA 2007a). However, removing vegetation from CRP sites would reduce 
litter decomposition and may cause an undesirable reduction in soil nutrients (Knops 
& Tilman 2000; Murphy et al. 2006), particularly carbon, which could reduce the soil 
carbon sequestered by this type of management. I suggest that these changes could 
restore components of native plant community structure, but further work is needed to 
evaluate these recommendations in other contexts. 
Conclusion 
 This study provides new insights into the effect of management practices on 
community patterns throughout this landscape. Management practices may influence 
community patterns by reducing environmental heterogeneity, increasing dominance 
by perennial grasses, and decreasing the functional diversity of communities. There 
are also site features associated with management practices that may influence plant 
community structure. I suggest improving the Conservation Reserve Program and 
increasing hay management on native sites in order to mitigate the impacts of 
management on biodiversity. This study is a starting point for understanding private 
management in this region, and future experiments are needed to adequately test the 
utility of changing disturbance and management regimes in order to restore 
biodiversity and ecosystem function in this landscape. 
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Table 1.1. Grassland management classes. Management classes (C-H, C-G, W-NH, 
W-NG, and W-CRP) are based on whether the site has been cultivated, and whether it 
is currently grazed, hay-managed, or enrolled in the conservation reserve program 
(CRP). 
 
 
  Historical Disturbance 
  Cultivated Native 
Hay Cool-season Hay 
(C-H) 
Warm-season Hay 
(W-NH) 
Grazing Cool-season 
Grazed (C-G) 
Warm-season 
Grazed (W-NG) 
Contemporary 
Management 
CRP Conservation 
Reserve Program 
(W-CRP) 
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Table 1.2. Number of species recorded in each functional group over all 98 sites. 
Functional Group 
Number of 
Species 
Perennial forb 124 
Annual forb 66 
Tree 29 
Perennial non-grass graminoid 26 
Perennial legume 22 
Perennial C3 grass 21 
Perennial C4 grass 21 
Biennial forb 14 
Annual C4 grass 12 
Shrub 12 
Perennial vine 12 
Annual/biennial forb 9 
Annual legume 4 
Annual C4 forb 4 
Annual C3 grass 3 
Annual vine 3 
Perennial leguminous vine, shrub, and tree 3 
Annual leguminous vine 2 
Annual/biennial legume 2 
Annual non-grass graminoid 1 
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Table 1.3.  Comparisons of species, functional group, and soil productivity metrics 
among management classes. Mean ± two standard errors are reported for each 
management class. Letters indicate significantly different groups based on Tukey 
post-hoc tests of one-way ANOVA’s (P < 0.05). Significant sources of variation from 
one-way ANOVA’s are reported for the effect of management category on S and soil 
C; and from Kruskall Wallis tests for the effect of management on E, D’, SFG, EFG, 
D’FG, soil N, and soil pH. Historical and contemporary disturbance were tested with a 
two-way factorial ANOVA for S, EFG, soil N, and soil C; and the Sheirer-Ray-Hare 
extension of the Kruskal Wallis for E, D’, SFG, D’FG, and soil pH.  
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Table 1.4. Results of Repeated Measures ANOVA’s of within site data. Variables 
were measured at three replicates of three areas in each site. The repeated measure is 
the mean measurement over the replicates for each area. The among site variable is 
management class. *P<0.05, **P<0.01, ***P<0.001 
 
Dependent 
Variable 
Management  Area Management x 
Area Sampled 
Species Richness 
(SS) 
 
58.6*** 1479.8*** 4.9*** 
Genus Richness 
(SG) 
 
49.8*** 1472.42*** 7.3*** 
Family Richness 
 
(SF) 
32.7*** 893.42*** 7.6*** 
Functional Group 
Richness (SFG) 
 
21.3*** 642.5*** 13.9*** 
Species Turnover 
(TS) 
3.874** 70.105*** 6.204*** 
Genus Turnover 
(TG) 
7.905*** 82.638*** 4.476*** 
Family Turnover 
(TF) 
4.964** 34.641*** 1.102 
Functional Group 
Turnover (TFG) 
17.470*** 0.029 1.149 
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Fig. 1.1. Map of study area. Legend and scale correspond to detailed map, which 
shows the location of the majority of study sites coded by management category. 
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Fig. 1.2. Detrended correspondence analysis axes 1 and 2. Sites are coded by 
management class. A) Species ordination: the first axis explained 60.8 percent of the 
variation in site composition, and the second axis explained an additional 5.9 percent. 
B) Dominant species with > 50% cover. C) Functional group ordination: the first axis 
explained 93.1 percent of the variation in site composition, and the second axis 
explained an additional 1.4 percent. D) Dominant functional groups with > 10% 
cover. 
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Fig. 1.3. Compositional variation among sites in each management class. 
Compositional variation was calculated as the mean deviation from the group 
centroid of sites in each management class using, A) presence-absence data (Jaccard 
dissimilarity index) and B) relative abundance data (Bray-Curtis dissimilarity index). 
Letters represent significant differences among groups (P < 0.05). Error bars are two 
standard errors. Using the Jaccard index, variation was high among cool-season and 
W-CRP sites and low among native sites. Using the Bray-Curtis index, variation was 
high among grazed sites and W-NH and low among C-H and W-CRP sites. 
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Fig. 1.4.  Species richness for each area sampled by management class. Symbols 
represent mean log richness ± 2SE plotted against log area.  
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 Fig. 1.5. Spatial turnover for each area sampled by management class. Symbols 
represent mean turnover ± 2SE plotted against log area.   
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CHAPTER 2. 
VOLE DISTURBANCES AND PLANT DIVERSITY IN A GRASSLAND 
METACOMMUNITY 
 
ABSTRACT 
I studied the disturbance associated with prairie vole burrows and its effects on 
grassland plant diversity at the patch (1 m2) and metacommunity (> 5 ha) scales. I 
expected vole burrows to increase patch-scale plant species diversity by locally 
reducing competition for resources or creating niche opportunities that increase the 
presence of fugitive species. At the metacommunity scale, I expected burrows to 
increase resource heterogeneity and have a community composition distinct from the 
matrix. I measured resource variables and plant community composition in 30 paired 
plots representing disturbed burrows and undisturbed matrix patches in a cool-season 
grassland. Vole disturbance affected the mean values of nine resource variables 
measured and contributed more to resource heterogeneity in the metacommunity than 
matrix plots. Disturbance increased local plant species richness, metacommunity 
evenness, and the presence and abundance of fugitive species. To learn more about 
the contribution of burrow and matrix habitats to metacommunity diversity, I 
compared community similarity among burrow and matrix plots. Using Sorenson’s 
similarity index, which considers only presence-absence data, I found no difference in 
community similarity among burrows and matrix plots. Using a proportional 
similarity index, which considers both presence-absence and relative abundance data, 
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I found low community similarity among burrows. Burrows appeared to shift the 
identity of dominant species away from the species dominant in the matrix. They also 
allowed subordinate species to persist in higher abundances. The patterns I observed 
are consistent with several diversity-maintaining mechanisms, including a 
successional mosaic and alternative successional trajectories. I also found evidence 
that prairie voles may be ecosystem engineers. 
 
INTRODUCTION 
Disturbance may affect the diversity and composition of ecological 
communities by creating niche or colonization opportunities, reducing competition, 
and shifting back the stage of succession (Connell 1978; Huston 1979; Sousa 1979; 
Huston 1994; Chesson & Huntly 1997; Platt & Connell 2003). Even small 
disturbances can affect habitat heterogeneity and plant community dynamics across a 
continuum of spatial scales. Two scales frequently studied in plant communities are 
1) the local scale of plant assemblages, hereafter called a patch, which is 
characterized by alpha diversity and 2) the metacommunity scale, a collection of 
patches that are potentially connected by dispersal in a landscape. The 
metacommunity scale can be characterized by beta diversity, or the dissimilarity of 
community composition among patches. Studying the scale-dependent impacts of 
disturbance on plant communities may reveal complex ecological dynamics. 
Soil disturbance and herbivory (Huntly & Inouye 1988; Gibson 1989; Hobbs 
& Huenneke 1992; Reichman & Seabloom 2002b; Seabloom & Richards 2003) as 
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well as granivory (Howe & Brown 2001; Howe et al. 2002) by mammals are forms of 
disturbance that shape grassland plant communities, especially in the absence of other 
types of disturbance. Territoriality and feeding preference can produce spatial 
patterns of disturbance that can affect metacommunity diversity (Seabloom & 
Richards 2003). Another pattern caused by disturbance is a successional mosaic, a 
collection of patches at various stages along the same successional trajectory 
(Chesson & Huntly 1997). Variation among these patches can result in compositional 
dissimilarity among patches in a metacommunity. Disturbances can also contribute to 
patch and metacommunity diversity by allowing fugitive species to persist among 
disturbed patches (Platt 1975; Platt & Connell 2003; Seabloom & Richards 2003). 
Fugitive species are unable to persist in the later-successional matrix due to biotic or 
abiotic constraints (Hutchinson 1951). In the mid-successional grasslands that I 
studied in Kansas, fugitive species are characterized as annuals or short-lived 
perennials that are excluded by later-successional dominant species in undisturbed 
matrix patches. 
Disturbances can contribute to resource heterogeneity by altering patch 
resource levels in contrast to the surrounding undisturbed matrix habitat (Huston 
1994). When a disturbance kills organisms or reduces their growth rates, resources 
may become available, contributing a distinct resource environment to the 
metacommunity. At a given point in time, resources may vary more across the 
metacommunity among disturbed than undisturbed patches due to their various 
successional stages.  
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Ecosystem engineers are organisms that cause large changes to resources and 
ecosystem properties, often through disturbance (Reichman & Seabloom 2002a, b). 
These alterations to the ecosystem can have cascading influences on many types of 
organisms, including the engineering organism itself. I studied a potential ecosystem 
engineer, the prairie vole, Microtus ochrogaster (Wagner, 1842), and the effects of its 
burrowing disturbance on plant community and ecosystem patterns in a cool-season 
grassland in NE Kansas. Prairie voles are the most abundant microtine rodent in 
Kansas (Bee et al. 1981). Humans have destroyed much of M. ochrogaster’s original 
tallgrass prairie habitat, but have created cool-season grasslands that are ubiquitous in 
the regional landscape (Jog et al. 2006) and are highly favorable habitats for prairie 
voles (Getz 1985; Getz et al. 2001). It is important to study the consequences of vole 
activity in these grasslands in order to understand the impact of this large-scale land 
conversion on ecological interactions. 
I examined the effect of prairie vole burrows on plant diversity at two spatial 
scales: 1) the patch is the spatial scale at which plants locally interact (1 m2) and is 
represented by plant assemblages on disturbed burrows and in relatively undisturbed 
matrix habitat; 2) the metacommunity is a larger region in which dispersal among 
patches occurs (> 5 ha) and is represented by a field that includes many disturbed 
burrows and matrix patches. Matrix habitats are areas that have not been disturbed 
recently, and are characterized by a taller canopy and mid-successional cool-season 
grassland communities. In the grassland metacommunity I studied, discrete disturbed 
patches existed within a continuous matrix habitat.  
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I expected vole burrows to increase patch-scale plant species diversity by 
locally reducing competition for resources or creating niche opportunities that 
increase the presence of fugitive species. At the metacommunity scale, I expected the 
altered resource environment on burrows to support a community composition 
distinct from the matrix. To learn more about the contribution of burrow and matrix 
habitats to metacommunity diversity, I compared community similarity, a measure of 
beta diversity, among burrow and matrix patches. A successional mosaic among 
burrows would lead to lower similarity among burrows than among matrix patches. If 
only a few, well-dispersed fugitive plant species are adapted to burrowing 
disturbance, I expected greater similarity among burrow patches than among matrix 
patches. If a successional mosaic existed, I expected the drawdown of resources to 
vary among burrows, thus increasing the spatial heterogeneity of resources in the 
metacommunity. At the ecosystem level, I expected reduced plant uptake and 
increased mineralization on burrows to increase the mean level of available resources. 
I discuss the effects of burrows on resources in the context of ecosystem engineering. 
 
METHODS 
Prairie vole natural history 
Prairie voles occur in sparsely vegetated grassland habitats, making them 
different from other species of Microtus that require dense vegetation (Getz 1985). 
They eat aboveground vegetation, seeds, and roots of grasses and forbs (Getz 1985). 
Prairie voles nest communally in subterranean burrows with an average of five 
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individuals per nest (Getz et al. 1992). Burrows, created for both nesting and escape 
from predators, are occupied an average of 51 days (Mankin & Getz 1994) and have a 
mean aboveground area of 5.7 m2 (E.J. Questad, unpublished data). Prairie voles 
move aboveground in grasslands through a series of surface runways which are 
pathways where detritus and vegetation are cleared from the ground (Getz 1985). The 
combination of herbivory, granivory, soil disturbance, and runway maintenance 
creates a complex interaction between prairie voles and their grassland plant habitats. 
Study site 
I studied a site at the Nelson Environmental Studies Area (NESA), part of the 
University of Kansas Field Station and Ecological Reserves (KSR). NESA is located 
at the prairie-forest ecotone of northeastern Kansas in Jefferson County (39º03’N, 
95º12’W), 10 km north of the city of Lawrence. The study site was approximately 6 
ha of mid-successional grassland, dominated by the cool-season perennial grasses 
smooth brome, Bromus inermis Leyss.; Kentucky bluegrass, Poa pratensis L.; and 
tall fescue, Schedonorus phoenix (Scop.) Holub. These grasses are exotic species 
planted for cattle pasture and hay production, their dominance is maintained by 
periodic mowing or grazing, and they have become widely naturalized in the region. 
These species are now an important component of the local flora, and my study site is 
representative of the dominant current land cover in the regional landscape (Jog et al. 
2006; Chapter 1).  
Most of the site has 3-7% slopes and Pawnee clay loam soils (Dickey et al. 
1977a). The site was taken out of agricultural production in the mid-1970’s and has 
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not been managed since 1998 when it was mowed (Dean Kettle, KSR director, in litt., 
September 2004). The primary sources of disturbance during the study period were 
herbivory and granivory by small mammals, herbivory by white-tailed deer, 
Odocoileus virginianus (Zimmermann, 1780), and burrows created by prairie voles. 
Study design 
In April 2003, I located vole burrows by visually surveying parallel transects 
throughout the site. Burrows were characterized as areas with soil disturbance, 
clipped vegetation, and more than one underground entrance. Early spring is the best 
time to survey for burrows because the canopy is low and vegetation on burrows is 
often dark green, which is suggested to be a result of enhanced soil fertility and plant 
productivity associated with burrows (Davis & Kalisz 1992; Kalisz & Davis 1992). I 
marked all visible burrows (N = 90) in their centers with identifying pin flags and 
recorded their geographic location with a Garmin GPS 76 (accuracy < 5 m).  
Of the 90 burrows, 30 were randomly selected for observation. I located a 
paired matrix plot for each selected burrow plot by choosing a random compass 
direction and placing an identifying pin flag 5 m from the center of the burrow in the 
compass direction. If a matrix plot was less than 5 m from another burrow, I chose a 
new random compass point and placed a flag 5 m in that direction. Matrix plots 
represented the intact grassland. Due to the prevalence of runways in the field, some 
matrix plots included vole runways. 
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Data collection 
 I identified plant species from 11 to 14 June 2003 in 1-m2 quadrats placed on 
the center of each plot, and visually estimated percent cover of all species, bare 
ground, and litter.  
 To examine the impact of vole disturbances on light availability and 
heterogeneity, I measured photosynthetically active radiation (PAR) on a subset of 16 
burrow and 16 matrix plots. The data were collected on 9 June 2003, using a PAR 
ceptometer (Decagon Devices; Pullman, WA, USA). I recorded four pairs of PAR 
measurements in each plot in approximately the N, S, E, and W directions. For each 
pair, one measurement was taken approximately 1 m above the canopy and one was 
taken below the live canopy placing the ceptometer on top of the dead litter. The 
ceptometer internally calculated leaf area index (LAI) for each pair of PAR 
measurements. I used the four pairs to calculate mean LAI for each plot, and report 
mean LAI as an index of light penetration in the plot. 
 Soil data were collected from representative areas of each plot, avoiding vole 
runways and underground tunnels. Soil moisture (% volumetric) was collected on 10 
June 2003, using time domain reflectometry (TDR). Four 0.1-m deep soil cores were 
collected from all plots on 2 and 3 July 2003, using a 914-mm tube sampler. Two 
cores were combined in a mesh soil bag and air dried at room temperature (22-27ºC) 
to a constant weight. The dry soils were mixed, large plant debris was removed by 
sifting soils through a 2-mm sieve, and remaining roots and plant material were 
removed with tweezers. These soils were sent to the Ecosystems Analysis Lab at the 
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University of Nebraska Lincoln School of Biological Sciences (EAL) where they 
were analyzed for %N and %C using a Costech Analytical ECS 4010. The remaining 
two soil cores from each plot were combined and dried to a constant weight at 90ºC. 
These soils were weighed and bulk density (g/m3) was calculated. 
 I collected aboveground biomass, a surrogate measure for primary 
productivity, by clipping a 1-m by 0.08-m strip in the center of each quadrat. Biomass 
was collected on 19, 20, and 23 June 2003 and 3 July 2003. It was sorted to species 
and litter, dried to a constant weight at 74ºC, and weighed. After weighing, all species 
from each quadrat were combined, ground in a Wiley Mill, and sent to the EAL for 
%N and %C analysis. 
Data analysis 
Because spatial patterns of disturbance have been shown to affect plant 
diversity, I analyzed the spatial distribution of the 90 burrows with nearest-neighbor 
analysis in ArcGIS and calculated a Z-score to determine whether burrows were 
clustered, dispersed, or randomly distributed in space.  
To determine whether mean values of resource measurements differed 
between plot types, I compared measurements of biomass, nutrients, and soil 
resources between 30 pairs of burrow and matrix plots using paired t-tests. When 
necessary, data were log-transformed to meet assumptions of normality.  
I calculated the coefficient of variation (CV) over 30 burrow plots and 30 
matrix plots for nine of these resource measures to examine differences in resource 
heterogeneity among plot types. I used 16 plots from each group to calculate the CV 
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for LAI. I resampled the data 1,000 times, randomizing plots among groups, in order 
to statistically compare the difference in the CV between burrow and matrix plots.  
For all plots, I calculated species richness (S), Simpson’s index of species 
diversity (1/D), Simpson’s measure of evenness (E1/D), and the relative abundance of 
each species. I compared the patch-level community response to burrowing by using 
paired t-tests to examine mean differences between burrow and matrix plots of total S, 
annual and perennial species richness, the proportion of annual species, annual and 
perennial relative percent cover, E1/D, and 1/D. An arc-sin square root transformation 
was used to obtain a normal distribution for perennial relative percent cover. A Mann-
Whitney U test was used to test differences in the proportion of perennial species, 
which could not be transformed to a normal distribution. 
To determine which of nine resource variables were correlated with each other 
and with species diversity metrics (S, E1/D, and 1/D), I calculated Pearson product 
moment correlation coefficients. In order to test whether burrowing influences patch 
species diversity indirectly through a combination of these nine resource variables, I 
used best subsets multiple regression to find the resource variables that best predicted 
S, E1/D, and 1/D.  
In order to characterize the metacommunity impact of burrow and matrix 
habitat types, I pooled community data over the 30 burrow plots and 30 matrix plots 
to calculate S, E1/D, and 1/D over each plot type. I resampled the data 1,000 times, 
randomizing plots among groups, in order to statistically compare the difference in 
these community metrics between burrow and matrix plots. Because some diversity 
 52 
statistics can be biased for certain data (Magurran 2004), I tested several other 
statistics in this manner:  Shannon diversity (H), evenness derived from H (E), and 
two additional transformations of Simpson’s diversity, 1-D and –ln(D).  
I further analyzed metacommunity patterns by using community similarity 
indices to describe community similarity among burrows and among matrix plots. I 
calculated community similarity over all possible pairs of burrow plots and all pairs 
of matrix plots using two similarity indices (Pielou 1977). Sorenson’s index (S1), was 
based on presence-absence data only. Proportional similarity (S2) was based on 
quantitative relative abundance values for each species. I calculated the difference 
between mean burrow similarity and mean matrix similarity (DS) for both similarity 
indices: 
 (1) DS = Smatrix – Sburrow 
A similarity value of S = 0 indicates that two communities have completely 
different compositions, whereas a value of S = 1 indicates that two communities have 
identical compositions. A positive value of DS demonstrates that matrix plots are 
more similar to each other than burrow plots. A negative value of DS shows that 
burrow plots are more similar to each other than matrix plots. I resampled the data 
1,000 times, randomizing plots among groups, in order to statistically compare DS for 
S1 and S2. Because some similarity indices can be biased for certain data (Magurran 
2004), I tested several indices in the same manner: Whittaker’s measure of beta 
diversity, Jaccard’s similarity index, and βsim (Lennon et al. 2001; Magurran 2004). I 
also used the EstimateS software (Colwell 2005) to calculate the Chao-Sorenson 
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abundance-based estimated similarity index, which is not biased by species that are 
unseen during sampling (Chao et al. 2005). 
I used Fisher’s Exact test of two-by-two contingency tables to determine the 
association of individual species with burrow or matrix plots (Sokal & Rohlf 1995). 
Only species that were present on more than five burrow or matrix patches were 
included, allowing analysis of 21 species.  
 
RESULTS 
The 90 burrows were not significantly clustered or dispersed; they were 
randomly distributed in two-dimensional space (Z-score = 1.59, P > 0.10). The 
average nearest-neighbor distance between burrows was 9.2 m (95% CI: 8.4 m, 10.0 
m). 
Soil and canopy resources 
Soils from burrows had lower bulk density, higher total carbon and nitrogen 
content, and lower C:N than those from matrix plots (Table 2.1). Burrow soils were 
marginally drier than matrix soils (P = 0.051; Table 2.1). Burrows had more visible 
bare ground (Table 1), lower grass biomass, and lower litter accumulation (Table 
2.1). Total live biomass and forb biomass were not different between plot types 
(Table 2.1). Plant tissue from burrows had higher nitrogen and lower C:N than that 
from matrix plots (Table 2.1). There was no difference in light penetration (mean 
LAI) between plot types (t = -0.69, P > 0.25). 
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The CV was significantly greater among burrows for soil bulk density, total 
live biomass, litter biomass, leaf tissue N, and light penetration. It was greater among 
matrix plots for bare ground (Table 2.2). Several resource variables were correlated 
with one another, including soil N and plant tissue N (r = 0.269, P < 0.05), and soil N 
and soil C (r = 0.924, P < 0.005). Soil C was not correlated with plant tissue C (P > 
0.90). 
Plant community 
Across all sampling locations, a total of 59 species were recorded. Fifteen 
species (25%) were found only on burrows, nine species (15%) were found only in 
matrix plots, and 35 species (59%) were found on both plot types.  
At the patch scale, Simpson’s diversity (1/D) was significantly greater on than 
off burrows (Fig. 2.1c). This effect was entirely due to differences in species richness 
(S) because community evenness (E1/D) did not differ significantly (Fig. 2.1a, b). 
Annual species richness (t = 5.34, P < 0.001), perennial species richness (t = 2.27, P = 
0.031), and the proportion of annual species (t = 3.40, P = 0.002) were greater on 
burrows. The proportion of perennial species was greater on control plots (W = 764.0, 
P = 0.026). Neither annual nor perennial relative percent cover differed among plot 
types (P > 0.30). 
S was correlated with leaf tissue nitrogen (r = 0.307, P < 0.05) and bare 
ground (r = 0.380, P ≤ 0.005). E1/D was correlated with leaf tissue nitrogen (r = -
0.174, P < 0.05), soil carbon (r = -0.372, P ≤ 0.005), and soil nitrogen (r = -0.319, P < 
0.05). 1/D was correlated with soil carbon (r = -0.344, P < 0.05). Bare ground was the 
 55 
only significant predictor of S (S = 11.8 + 0.0861 * Bare Ground; R2adj = 12.9). Soil 
carbon was the best predictor of E1/D (E1/D = 0.535 - 0.112 * Soil Carbon; R2adj = 
12.4) and 1/D (1/D = 6.79 – 1.43 * Soil Carbon; R2adj = 9.6). All regression 
coefficients were not equal to zero (P < 0.05). 
The pooled data for all plots within a group showed that burrows had 50 
species compared with 44 species on matrix plots; this difference was not significant 
(Fig. 2.1a). E1/D and 1/D were significantly greater over all burrows than over all 
matrix plots (Fig. 2.1b, c). H, E, 1-D, and –ln(D) showed qualitatively similar 
significant differences. 
 The difference in Sorenson’s similarity index between burrow and matrix 
patches (DS1) was negative, but not significantly negative (DS1 = -0.048, P > 0.10), 
demonstrating that, based on species presence-absence only, community similarity 
did not differ significantly among burrow plots and matrix plots. This result was 
qualitatively similar for all other presence-absence indices tested. In contrast, DS2 was 
significantly positive (DS2 = 0.14, P < 0.001) and mean Chao-Sorenson abundance-
based estimated similarity was 0.607 and 0.725 for burrow and matrix plots, 
respectively, showing that, based on species relative abundance data, communities 
were less similar among burrow plots than among matrix plots.  
Scientific and common names of species significantly associated with burrow 
and matrix plots are listed in Table 2.3; I will refer to them by their genus names 
hereafter. Of the five species significantly associated with burrows, four were annual 
or short-lived perennial forbs (Table 2.3). These species were Acalypha, Chamaesyce, 
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Pseudognaphalium, and Oxalis. The fifth species, Tridens, is a perennial grass. The 
relative cover of Chamaesyce was greater on burrows (Table 2.4). Only one species, 
Ambrosia, was associated with matrix plots (Table 2.3). Its relative cover was greater 
on matrix plots than burrow plots (Table 2.4), and it is an annual forb.  
The identity of dominant species varied more among burrows than matrix 
plots (Table 2.5). There were three species with > 50% relative cover on burrow 
plots, and only one, Bromus inermis, on matrix plots (Table 2.5). Ten species had 
between 30% and 50% relative cover on burrow plots, compared to seven species on 
matrix plots (Table 2.5).  
 
DISCUSSION 
The effects of prairie vole burrowing disturbances on plant community 
patterns varied with spatial scale. At the patch scale, disturbance was associated with 
greater species richness. At the metacommunity scale, disturbance was related to the 
distribution of fugitive species, total species evenness, and resource heterogeneity. 
Based on my results, I present several possible ecological processes that may be 
occurring in this grassland and discuss whether prairie voles may be ecosystem 
engineers. 
Patch-scale diversity 
 Vole burrows appear to increase species diversity on disturbed patches, which 
may be a result of reduced plant competition or increased niche opportunities 
associated with disturbance. Prairie vole burrows had greater species richness and 
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diversity than matrix patches, with no difference in species evenness, suggesting that 
disturbance at the patch scale has a greater effect on the number of species present 
and not the distribution of species’ relative abundances. The increase in species 
richness on burrows is at least partially due to the presence of fugitive species, which 
persist where competition is reduced.  
Metacommunity patterns 
My study suggests that plant community patterns differ among burrow and 
matrix patches in the metacommunity. Most of the species associated with burrows 
are fugitive species that exist in low abundance in the non-disturbed matrix (Table 
2.3). Chamaesyce, a species associated with burrows, is an annual that germinates in 
the spring and summer and undergoes seed dormancy at the end of the growing 
season (Baskin & Baskin 1998). In contrast, Ambrosia, the species associated with 
matrix plots, is a spring-germinating annual and undergoes seed dormancy in late 
spring or early summer (Baskin & Baskin 1998). In at least one study, disturbance in 
the fall increased populations of Ambrosia, but disturbance in early summer did not 
(Squiers 1989). I suggest that the timing of disturbance affects the species present in 
the grassland I studied. If voles create most of their burrows in the spring and early 
summer when soils are most friable, the plants associated with burrows will be 
species that germinate in the spring and summer. The soils in my study area have 
relatively high clay contents, and freeze-thaw cycles throughout the winter likely 
create small soil cracks in the grassland matrix that favor species like Ambrosia that 
germinate in the winter and early spring. The association of certain fugitive species 
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with burrows and one with matrix patches suggests that different types of disturbance 
may support alternative communities. 
Competition-colonization tradeoffs may also help maintain fugitive species on 
burrows. Fugitive species are poor competitors and good dispersers. They are able to 
persist on burrows where disturbance decreases the competitive ability of dominant 
species. Mammal disturbances were clustered in California grasslands, thereby 
facilitating the movement of species among disturbed patches (Fehmi & Bartolome 
2002; Seabloom & Richards 2003). In my study burrows were randomly distributed 
in space, suggesting that colonization by fugitive species is not due to the spatial 
clustering of disturbances, but is more likely associated with the dispersal ability of 
these species both in space and through the seedbank. 
Mass effects may maintain populations of fugitive species in the matrix. A 
mass effect occurs when a species can persist through source-sink relationships 
among patches. For example, a fugitive species is adapted to disturbance and is 
quickly excluded by better competitors in the matrix. It could, however, maintain a 
high abundance on burrows and persist in the matrix through dispersal from burrow 
populations. The high abundance of fugitive species, such as Chamaesyce, on 
burrows may act as source populations that maintain these species in the matrix 
through mass effects.  
Burrows also significantly altered relative abundance patterns in the 
metacommunity. Proportional community similarity over all burrows was lower than 
over matrix patches and species evenness was greater. Matrix patches are likely 
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similar to one another due to the dominance of Bromus inermis. The identity of the 
dominant species was much more variable on burrows (Table 2.5), causing low 
proportional similarity. When pooled across all burrow patches, this irregular 
dominance pattern leads to greater overall evenness in the community, suggesting that 
disturbance either reduces competition with Bromus inermis or creates other niche 
opportunities for subordinate species. The abundance-based patterns I observed are 
consistent with two potential processes occurring in the metacommunity: 1) 
asynchrony of successional pathways among burrows (successional mosaic) and 2) 
alternative successional trajectories among burrows.  
1)  Asynchronously disturbed burrows may create a successional mosaic of 
patches at various stages of succession (Tilman 1983; Huntly & Inouye 1988; 
Chesson & Huntly 1997), which is consistent with the observed pattern of greater 
beta diversity on burrows and the dominance of a greater number of species on 
burrows compared to matrix plots. The variation in dominant species may represent 
various stages of the same successional trajectory. Succession without additional 
disturbance would eventually result in dominance by Bromus inermis over all 
burrows and a reduction in metacommunity evenness. 
2)  These results are also consistent with priority effects that create alternative 
successional trajectories depending on which species are the original colonists of 
disturbed patches. Burrows appear to be created whenever the soil is friable (Jameson 
1947), leading to burrowing in spring, early summer, and early fall. As burrows are 
created throughout time, the underlying resources, the available species pool, and the 
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seed dormancy and germination requirements of plant species affect which species 
can successfully colonize the disturbed patch. Successional trajectories on burrows 
may differ due to priority effects caused by the persistent impacts of different initial 
colonists, leading to the observed pattern of divergent communities on burrows but 
not on matrix patches. 
Soil and canopy resources 
 Vole disturbances were associated with changes in soil bulk density, moisture, 
and nutrient quality. Bulk density on burrows was lower than that on matrix plots, 
consistent with a study of gopher burrows (Canals et al. 2003). The decrease in bulk 
density is likely a result of soil mixing and aeration that occurs during burrowing. 
Soil moisture was lower on burrows, which is consistent with a study of mole mounds 
in old fields (Bradshaw & Goldberg 1989). The abundance of bare ground on burrows 
may result in increased soil temperatures that could lead to greater water evaporation. 
 I also found higher total soil C and N content on burrows, suggesting that 
disturbance strongly alters soil nutrient pools. These results are in contrast to studies 
that found lower C and N on mounds and burrows (Bradshaw & Goldberg 1989; 
Canals et al. 2003). Changes in total soil N could occur through effects of disturbance 
on organic or inorganic forms of N (e.g., NO3, NH4, or Urea). I suspect that the 
greater total N observed on burrows largely reflects increased inorganic N, the form 
useable by plants. Inorganic N could increase by faster decomposition rates, slower 
uptake rates, or increased inputs via excretion. Urea, deposited by voles in urine used 
to mark social territory, is 45% N by weight and is converted to NH4, which is 
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available to plants (Kalisz and Davis 1992). Several other lines of evidence suggest 
that vole disturbances increased soil inorganic N: 1) vegetation was noticeably 
greener on burrows than on matrix plots early in the season, indicating greater canopy 
uptake of N; 2) leaf N content was greater on burrows, also suggesting greater canopy 
uptake of N; 3) leaf N was correlated with soil N; and 4) a pilot study using ion 
exchange membranes suggested that burrows had greater supply rates of available 
nitrogen compared to matrix plots (E. J. Questad, unpublished data). By increasing 
available N pools, voles can increase the levels of N available for plant uptake, reduce 
or alter competition among plants, and allow fugitive species with high resource 
requirements to persist.   
I found higher N, but not C, in aboveground biomass samples from burrows, 
similar to a study of prairie voles in Kentucky (Kalisz and Davis 1992). In contrast to 
N, leaf C was not correlated with soil C, suggesting that increased carbon pools in the 
soil are not coupled to plant tissue C, and that voles may affect carbon and nitrogen 
cycles differently. I hypothesize that prairie voles have a greater influence on the rate 
of carbon inputs relative to mineralization. Burrows have lower litter accumulation, 
suggesting that voles speed the decomposition of plant material, thereby increasing 
nutrients in the soil (Buyanovsky et al. 1987). Disturbance may increase carbon 
mineralization, but the low moisture environment could reduce this effect and 
contribute to the total increase in soil carbon (Buyanovsky et al. 1987). It is also 
possible that soil conditions on burrows do not favor microbial populations (Lupwayi 
et al. 2004), which would normally respire soil carbon into the atmosphere.  
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 The amount of aboveground vegetation often determines light levels beneath 
the canopy. I did not find an effect of disturbance on mean light levels, but I did find 
a large difference in the amount of bare ground. At the patch scale, bare ground was 
the only significant predictor of species richness. High light levels may be necessary 
for some seed germination (Bazzaz 1996), but physical germination space (i.e., bare 
ground) could be the dominant way that prairie voles influence seed germination 
(Platt 1975; Grubb 1977; Inouye et al. 1987; Glenn-Lewin et al. 1990). Bare ground 
was the only soil resource measured that varied more among matrix plots than 
burrows, suggesting that germination space is not only less abundant on average, but 
is also less predictable in the matrix grassland. Grass was the most abundant 
functional group in this community and its biomass was lower on burrows, suggesting 
that voles may reduce the abundance of competitively dominant species (Fehmi & 
Bartolome 2002), which may also favor germination and growth of subordinate 
species.  
Herbivory can result in more intense or more variable light penetration 
through the canopy (Tilman 1983; Huntly & Inouye 1988). I found that light levels, 
measured as mean LAI, varied more among burrows than among matrix plots. This 
variation could be due to burrowing activity, herbivory, or a successional mosaic, and 
may be associated with the time since burrows were formed. Four other resource 
measurements varied more among burrows: soil bulk density, leaf N, live biomass, 
and litter biomass. This greater variation implies that metaecosystem functioning 
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(Loreau et al. 2003, 2005) may be altered due to the presence of burrows, and that 
resources available to plants are distributed more heterogeneously among burrows.  
Prairie voles as ecosystem engineers 
Studies of pocket gophers suggest that they are ecosystem engineers and 
cultivate species they prefer to eat (Huntly & Inouye 1988; Reichman & Seabloom 
2002b). In general, prairie voles exhibit little species preference, eating species in 
proportion to their abundance in the community (Pascarella & Gaines 1991). Of the 
six species that were associated with burrow or matrix plots in my study, four were 
included in two feeding studies reported in the literature: voles did not prefer or avoid 
Chamaesyce, Oxalis, or Tridens; and they avoided Ambrosia (Menhusen 1963; 
Pascarella & Gaines 1991). Studies of meadow voles suggest that they prefer to eat 
large-seeded species (Howe & Brown 2001). The burrows I studied had a higher 
occurrence of small-seeded species (Table 2.3). If prairie voles also prefer large-
seeded species or have no preference, caching seeds (Jameson 1947) is not likely to 
cause increases in the presence and abundance of these plants. Instead, increased 
colonization (Platt 1975; Huntly & Inouye 1988) or release from competition are 
more likely mechanisms that allow these fugitive species to be locally abundant. 
Voles do not appear to engineer the species available on their burrows, but my 
study and that of Kalisz and Davis (1992) suggest that they may engineer the local 
nutrient quality of their forage. Forage quality has been shown to have a positive 
effect on prairie vole habitat selection (Lin et al. 2006) and population densities (Cole 
& Batzli 1978; Getz et al. 2001). I observed higher nitrogen and lower C:N in 
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aboveground biomass collected from burrows, which indicates higher nutritional 
quality of vegetation on burrows than vegetation five meters from burrows. I suggest 
that voles may engineer optimal foraging conditions close to their protection from 
predators. 
Conclusion 
 By measuring the impacts of prairie voles on plant community patterns at two 
spatial scales, I am able to suggest several possible mechanisms responsible for the 
effect of disturbance on diversity in this metacommunity. The presence of voles in 
this ecosystem is associated with the persistence of fugitive species, a shift in 
dominant species, and increased resource heterogeneity, all of which lead to greater 
metacommunity diversity.
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Table 2.1. Group means, one standard error, and results of paired t-tests (df = 30) for 
resource variables. *P < 0.05, **P < 0.005 
Resource Burrow 
mean 
Matrix 
mean 
t 
Soil bulk density (g/m3) 
 
480 ± 10 540 ± 10 -4.72** 
Soil moisture (% vol. moisture) 
 
35.44 ± 0.49 36.15 ± 0.52 -1.69 
Soil carbon (% by mass) 
 
2.19 ± 0.05 2.07 ± 0.05 2.69* 
Soil nitrogen (% by mass) 
 
0.20 ± 0.004 0.18± 0.003 4.39** 
Soil C:N 
 
10.85 ± 0.07 11.33 ± 0.11 -4.24** 
Bare ground (% cover) 
 
22.50 ± 2.52 2.49 ± 0.58 7.67** 
Total live biomass (g) 
 
16.42 ± 2.13 17.19 ± 1.04 -1.40 
Grass biomass (g) 
 
9.47 ± 1.16 10.96 ± 0.63 -2.32* 
Forb biomass (g) 
 
6.94 ± 1.86 6.23 ± 1.15 -0.31 
Litter biomass (g) 
 
12.69 ± 1.65 17.91 ± 1.41 -3.25** 
Leaf tissue carbon (% by mass) 
 
43.73 ± 0.18 43.76 ± 0.16 -0.14 
Leaf tissue nitrogen (% by mass) 
 
2.04 ± 0.11 1.26± 0.03 7.26** 
Leaf tissue C:N 
 
23.05 ± 1.14 35.24 ± 0.82 -8.53** 
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Table 2.2. Coefficient of variation (CV) over burrow and matrix plots for 10 resource 
variables. Asterisks indicate significantly greater CV’s based on a two-tailed test and 
resampling data 1,000 times. *P < 0.05, **P < 0.005   
Resource Burrow 
CV 
Matrix 
CV 
Soil bulk density (g/m3)             
  
13.30** 5.42 
Soil moisture (% volumetric moisture) 
 
7.62 7.83 
Soil carbon (% by mass)              
  
12.61 13.24 
Soil nitrogen (% by mass)        
      
12.03 10.14 
Bare ground (% cover) 
 
61.25 127.28** 
Total live biomass                       
 
70.93* 33.14 
Litter biomass 
 
71.33** 43.01 
Leaf tissue carbon (% by mass) 
 
2.29 1.97 
Leaf tissue nitrogen (% by mass) 
 
28.44* 12.80 
Light penetration (LAI) 
 
63.26** 28.15 
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Table 2.3. Species associated with plot types. Significant results of Fisher’s Exact 
Test for 21 species. *P < 0.05, **P < 0.005, +P < sequential Bonferroni P-value for 
21 tests  
Species Common 
name 
Growth 
habit 
Number of 
burrow plots 
Number of 
matrix 
plots 
Burrow species 
Acalypha virginica 
L.  
 
Virginia 
copperleaf 
 
Annual forb 
 
20* 10 
Chamaesyce 
maculata (L.) Small  
 
Spotted 
spurge 
Annual forb 24** 12 
Pseudognaphalium 
obtusifolium (L.) 
Hilliard and Burtt  
 
Fragrant 
cudweed 
Annual/ 
biennial forb 
11+ 1 
Oxalis stricta L. 
 
Yellow 
wood sorrel 
 
Short-lived 
perennial 
forb 
27+ 15 
Tridens flavus (L.) 
A.S. Hitchc. 
 
Purpletop Perennial 
grass 
13* 5 
Matrix species 
Ambrosia 
artemisiifolia L. 
 
Common 
ragweed 
Annual forb 23 29* 
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Table 2.4. Relative percent cover of species associated with plots. Group means, one 
standard error, and results of paired t-tests. Paired plots on which the species of 
interest was present on both the matrix and burrow plot were used for analysis. 
Pseudognaphalium was excluded due to lack of replication. *P < 0.05, **P < 0.005 
Species % Cover on 
burrow plots 
% Cover on 
matrix plots 
t df 
Acalypha virginica 
 
3.59 ± 1.88 0.69 ± 0.14 1.54 10 
Chamaesyce maculata 
 
0.16 ± 0.05 0.04 ± 0.01 2.57* 10 
Oxalis stricta 
 
0.71 ± 0.39 0.04 ± 0.01 1.70 15 
Tridens flavus 
 
10.60 ± 4.24 7.63 ± 3.67 1.70 5 
Ambrosia artemesiifolia 2.87 ± 1.10 8.67 ± 1.92 -2.62* 22 
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Table 2.5. Relative percent cover of dominant species. Dominant species are listed in 
two classes (> 50% relative cover and 30%-50% relative cover) followed by the 
number of burrow and matrix plots containing the species at that cover value. 
Species Common name 
Burrow 
Plots 
Matrix 
Plots 
 
RELATIVE COVER  > 50% 
Poa pratensis L. Kentucky bluegrass 2 0 
Solidago canadensis L. Canada goldenrod 2 0 
Sporobolus compositus (Poir.) Merr. Dropseed 1 0 
Bromus inermis Leyss. Smooth brome 0 9 
 
RELATIVE COVER  30% - 50% 
Bromus inermis Leyss. Smooth brome 10 11 
Poa pratensis L. Kentucky bluegrass 4 1 
Apocynum cannabinum L. Hemp dogbane 3 1 
Solidago canadensis L. Canada goldenrod 3 5 
Sporobolus compositus (Poir.) Merr. Dropseed 3 2 
Carex sp. L. 
 
Sedge 1 0 
Carduus nutans L. 
 
Musk thistle 1 0 
Cornus drummondii C.A. Mey. Roughleaf 
dogwood 
1 0 
Schedonorus phoenix (Scop.) Holub Tall fescue 1 0 
Brickellia eupatorioides (L.) Shinners False boneset 1 0 
Asclepias verticillata L. Whorled milkweed 0 3 
Toxicodendron radicans (L.) Kuntze Poison ivy 0 1 
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 Fig. 2.1. Results of paired t-tests for patch-scale diversity and randomization tests for 
metacommunity-scale diversity. * P < 0.05, ** P < 0.001 
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 CHAPTER 3. 
COEXISTENCE THROUGH SPATIO-TEMPORAL HETEROGENEITY AND 
SPECIES SORTING IN GRASSLAND PLANT COMMUNITIES  
ABSTRACT 
 The effect of spatial heterogeneity on species coexistence relies on the degree 
of niche heterogeneity in the habitat and the ability of species to exploit the available 
niche opportunities. I studied species coexistence in a perennial grassland, and tested 
whether small-scale disturbances create environmental heterogeneity that affects 
coexistence and whether the functional diversity of species in the species pool affects 
the ability of community composition to reflect heterogeneity through species sorting. 
I manipulated the spatio-temporal heterogeneity of disturbance and the functional 
diversity of species added as seed and measured their impact on the spatial turnover 
of species composition. Disturbance increased environmental heterogeneity and 
spatial turnover, and the effect of heterogeneity on turnover was greatest in the 
presence of a functionally diverse species pool, showing the importance of trait 
variation among species for exploiting environmental heterogeneity, and suggesting 
that coexistence occurred due to species sorting among heterogeneous niches. 
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INTRODUCTION 
 Coexistence theory predicts that spatial heterogeneity of environmental factors 
that affect fitness, such as resources and abiotic conditions, will promote coexistence 
through species-environment sorting (Tilman & Pacala 1993; Reynolds et al. 2007). 
When species exhibit tradeoffs for environmental factors that are distributed 
heterogeneously among patches in a habitat, different species will be favored in 
different patches, leading to spatial turnover of community composition and 
coexistence at the community scale (Tilman & Pacala 1993; Huston 1994; Chase & 
Leibold 2003). The importance of environmental heterogeneity for regulating plant 
species coexistence and diversity has been evaluated experimentally by varying 
nutrients, soil physical characteristics, and light levels in spatially heterogeneous, 
versus homogeneous, patterns (Vivian-Smith 1997; Collins & Wein 1998; Stevens & 
Carson 2002; Baer et al. 2004; Wijesinghe et al. 2005; Reynolds et al. 2007); 
however, these studies had mixed results and most showed no effect of heterogeneity 
on diversity (but see Vivian-Smith 1997). One reason why experimental 
heterogeneity may not have increased diversity in these studies could be that the 
manipulated heterogeneity was not extensive enough to increase sorting 
opportunities. Another explanation for this result is that dominant grasses or other 
clonal species may be able to integrate their resource use across patch types, thus 
using homogeneous and heterogeneous habitats similarly and excluding other species 
from the community (Baer et al. 2004; Reynolds et al. 2007). A third explanation is 
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that the community response to heterogeneity may have been limited by dispersal 
from the available species pool (Vivian-Smith 1997; Reynolds et al. 2007).  
 In fact, a number of studies show that plant species richness can often be more 
limited by species pools and dispersal constraints than by niche availability  (e.g., 
Tilman 1997; Zobel et al. 2000; Foster & Dickson 2004), leaving many communities 
undersaturated with species and with potentially underexploited niche heterogeneity. 
Thus, plant community diversity may be influenced not only by spatial environmental 
heterogeneity (spatial niche dimensionality), but also by the availability of species 
that are able to exploit the existing heterogeneity (species pool dimensionality). In 
order for community composition to reflect heterogeneity by species sorting among 
patches, the species pool must not only contain a sufficient number of species and 
propagules, it must also contain species with the functional traits necessary to exploit 
the various niche opportunities available throughout the habitat. I hypothesize that 
species diversity will be greatest in communities with the most environmental 
heterogeneity, minimal dispersal limitation, and a functionally diverse species pool. I 
predict that experimental enhancement of spatial niche dimensionality and species 
pool dimensionality will increase species sorting, spatial turnover of species 
composition, and coexistence at the community scale. 
In this study I experimentally evaluate the interplay of spatial niche 
dimensionality and species pool dimensionality in regulating grassland plant 
diversity. Unlike previous studies that used fertilizer application to manipulate the 
heterogeneity of soil nutrients, I investigate the importance of small-scale 
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disturbances for creating spatio-temporal heterogeneity in grasslands. In contrast to 
nutrient enhancement, disturbance can create successional niche opportunities that 
favor the growth of competitively inferior species through the increased availability 
of establishment microsites, areas with reduced competition where seeds can 
germinate and grow (Grubb 1977; Zobel et al. 2000), and altered ratios of resources 
important for plant growth (e.g., soil nutrients and light levels; Grubb 1977; Tilman & 
Pacala 1993; Tilman 1994; Chesson & Huntly 1997; Pacala & Rees 1998; 
Amarasekare 2003; Chase & Leibold 2003). Disturbance is critical for maintaining 
species coexistence in non-equilibrium ecosystems like grasslands (Grubb 1977; 
Hobbs & Huenneke 1992; Howe 1994a; Tilman 1994; Collins et al. 1998; Pacala & 
Rees 1998) where spatio-temporal variation in disturbance patterns can create 
successional niche heterogeneity that is important for plant species coexistence at the 
community scale (Tilman & Pacala 1993; Chesson & Huntly 1997).  
Small mammals often create heterogeneous, small-scale disturbance patterns 
in grasslands that have persistent effects on plant community composition (Hobbs & 
Mooney 1985, 1995; Seabloom & Richards 2003). In cool-season grasslands of 
northeastern Kansas where I conducted my dissertation research, prairie voles, 
Microtus ochrogaster (Wagner, 1842), can be extremely abundant, and their burrows 
increase plant diversity throughout the community (Questad & Foster 2007; Chapter 
2), providing an ideal system for testing the effect of disturbance heterogeneity on 
plant diversity. Prairie vole burrowing activity enhances spatial environmental 
heterogeneity by creating disturbed patches with environmental conditions that 
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contrast strongly with the undisturbed grass-dominated matrix (Kalisz & Davis 1992; 
Questad & Foster 2007; Chapter 2). In addition, resources and abiotic conditions 
important for plant growth vary more among burrows than among undisturbed matrix 
areas, creating an additional source of heterogeneity which may be due to differences 
in the size, intensity, and timing of the disturbances. Here, I experimentally disturbed 
1-m2 patches within 4-m by 4-m communities. I created disturbed patches seasonally 
and inter-annually to increase spatio-temporal heterogeneity by mimicking the 
formation of burrows through time.  
 In addition to these disturbance manipulations, I used seed addition treatments 
to test the effect of species pool dimensionality on diversity and its interaction with 
disturbance heterogeneity. Most previous seed addition experiments, designed to 
examine the role of dispersal limitation on plant diversity, compared plots without 
seeds added to plots enriched with a mixture of many species from many functional 
groups (e.g., Tilman 1997; Zobel et al. 2000; Foster & Dickson 2004; Gross et al. 
2005). By using only one seed mixture, these studies cannot distinguish the relative 
importance of enhancing the number of species available to the community versus 
enhancing the diversity of functional traits. It has been demonstrated that functional 
complementarity, or adaptations to different resources, among species is important for 
coexistence in niche-structured communities (Tilman 1997; Fargione et al. 2003). I 
hypothesize that as the degree of functional complementarity in the available species 
pool increases, there will be an increased capacity for niche partitioning and 
coexistence, especially in the presence of environmental heterogeneity. I tested the 
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importance of species pool complementarity by comparing plots with no seeds added 
to plots enriched with either 13 species with redundant functional traits or 13 species 
with diverse functional traits. These two seed addition treatments allowed us to 
determine the importance of species pool complementarity while keeping the number 
of species and propagule pressure constant.  
 If both spatial niche dimensionality and species pool dimensionality influence 
species coexistence, I make the following predictions: 1) communities with the 
greatest heterogeneity will have the greatest diversity; 2) increasing species pool 
complementarity will increase diversity, as species with different traits exploit 
patches with different environmental conditions; and 3) communities with the greatest 
amount of environmental heterogeneity and a species pool with the greatest 
functional complementarity will have the greatest capacity for coexistence through 
species sorting, which will lead to high spatial turnover in community composition 
among patches. 
 
METHODS 
The study site was in the Nelson Environmental Studies Area (NESA), part of 
the University of Kansas Field Station and Ecological Reserves. NESA is located at 
the prairie-forest ecotone of northeastern Kansas in Jefferson County (39º03’N, 
95º12’W), 10 km north of the city of Lawrence. The site was mid-successional 
grassland, dominated by the cool-season perennial grasses smooth brome (Bromus 
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inermis Leyss.), tall fescue (Schedonorus phoenix (Scop.) Holub), and Kentucky 
bluegrass (Poa pratensis L.). 
 In April 2005 I established 72 4-m by 4-m plots in six randomized blocks. 
Each plot was separated by a 1-m buffer, and blocks were separated by a 2-m buffer. I 
employed a factorial combination of four disturbance treatments with three seed 
addition treatments, replicated six times. Within each 4-m by 4-m plot, I randomly 
located eight 1-m2 patches in a grid (Fig. 3.1). I defined a community as a plot 
containing multiple 1-m2 patches, and a patch as a contiguous area in which the 
impact of disturbance (or no disturbance) on the locally-residing individuals was 
uniform (Petraitis et al. 1989).  
 The disturbance treatments were four manipulated levels of spatio-temporal 
patch heterogeneity applied at the scale of the 1-m2 patches: 1) no disturbance (ND), 
2) spring disturbance (SD), 3) fall disturbance (FD), and 4) spring/fall disturbance 
(SFD). All patches were left undisturbed in ND treatments (Fig. 3.1). In the SD, FD, 
and SFD treatments, four of the 1-m2 patches were disturbed and four were left 
undisturbed (Fig. 3.1). I disturbed two of these patches in 2005, and two in 2006 to 
create inter-annual variability. To create seasonal variability, SD and FD treatments 
had two patches per year disturbed during the same season, and SFD treatments had 
one patch per year disturbed in spring and one in fall.  
 Disturbed patches approximated the soil disturbance associated with prairie 
vole burrows and were created with a combination of herbicide application and roto-
tilling. First, I sprayed a 2% solution of Roundup Pro (41% glyphosate as an 
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isopropylamine salt) with a backpack sprayer at a rate of approximately 0.4 L/m2 and 
used a plywood frame to prevent overspray into undisturbed areas. After waiting at 
least 14 days, I then used a rear-tine roto-tiller to disturb the top 150 mm of soil, 
which is the depth of most vole burrowing disturbance (Davis & Kalisz 1992). I 
selected the time of disturbance application to coincide with times of vole burrowing 
activity (Jameson 1947). Spring patches were roto-tilled on 17 May 2005 and 22 May 
2006. Fall patches were roto-tilled on 18, 19, and 24 October 2005 and 20 October 
2006. All areas outside the eight patches were left undisturbed in all plots. 
The seed addition treatments were considered either functionally 
complementary or redundant based on several classes of traits that affect a species’ 
resource use (Naeem & Wright 2003): regeneration strategy (annual, biennial, 
perennial), life form (grass, forb, legume), and family (Grime 2001). The functionally 
redundant species pool was made up of 13 perennial grass species. The functionally 
diverse pool contained 13 species with a variety of life-history traits (Table 3.1). The 
mean seed size (t-test, t21 = 1.13, P = 0.273) and the variance in seed size (F-test, F12, 
12 = 0.48, P = 0.222) among species were equivalent between pools to minimize 
colonization or competition differences due to seed size (Rees et al. 2001). Seeds 
were added four times to seed addition plots, once in late May and once in late 
October in 2005 and 2006. Each time they were added at a rate of 75 
seeds/species/m2. The resident species pool treatment had no species added. Two of 
the added species, Andropogon virginicus L. and Tridens flavus (L.) Hitchc., were 
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present in at least one resident pool treatment plot in the first year of the study, 
suggesting that these two species were also resident species. 
 From 18 June 2007 to 2 July 2007, I visually estimated the percent cover of all 
plant species, bare ground, and litter in each plot and in a 0.5-m by 0.5-m quadrat 
placed in the center of each of the eight patches. I calculated community richness as 
the number of species present in each 4-m by 4-m plot; patch richness as the mean 
number of species in the eight 0.5-m by 0.5-m quadrats; and spatial turnover as 
community richness minus patch richness (Lande 1996). I used this additive measure 
of spatial turnover instead of a community dissimilarity metric in order to directly 
compare the contributions of patch richness and spatial turnover to community 
richness. I calculated these three diversity measures for the complete community of 
resident and added species. I also tested the effect of the treatments on the 
establishment of the species I directly manipulated, and I calculated patch richness, 
spatial turnover, and community richness in the same way for added species only. 
 In order to measure whether the treatments affected the heterogeneity of 
environmental variables important for plant growth, I calculated the coefficient of 
variation (CV) of bare ground and litter cover among the eight patches in each plot. I 
also measured light penetrating through the canopy as below canopy 
photosynthetically active radiation (PAR)/above canopy PAR. I took 16 
measurements in a 4-m by 4-m grid in each plot using an Accupar LP 80 (Decagon 
Devices; Pullman, WA, USA). Measurements were taken on clear days (31 May and 
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4-6 June 2007) within two hours of solar noon. I calculated the CV of light 
penetration among the 16 measurements.  
 I used factorial analysis of variance (ANOVA) to test the effect of disturbance 
(four levels), seed addition (three levels), the disturbance x seed addition interaction, 
and a random blocking factor on the measures of patch richness, spatial turnover, 
community richness, and the three environmental heterogeneity variables. In order to 
test whether seasonal disturbance treatments affected diversity measures, I removed 
the ND plots and reran the ANOVA’s.  If I found a significant main effect or 
interaction, I used Tukey simultaneous tests to determine significant differences in 
group means (P < 0.05). When necessary, data were square root-transformed to meet 
the assumption of homogeneity of variance (HOV). I calculated Pearson product 
moment correlation coefficients to determine whether spatial turnover was associated 
with environmental heterogeneity variables. I used a general linear model to test 
whether seed addition treatments affected the relationship between environmental 
heterogeneity variables and spatial turnover. If species sorting occurred I expected the 
complementary species pool to increase the slope of the relationship between spatial 
turnover and environmental heterogeneity by providing species with trait variation to 
sort among heterogeneous resources. I performed a separate test for each 
environmental heterogeneity variable (bare ground, litter, and light penetration) using 
seed addition as a fixed factor, the CV of the environmental variable as a covariate, 
and including the seed addition x CV interaction. I used Minitab version 14.1 for all 
analyses (Minitab, Inc.; State College, PA). 
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RESULTS 
Effect of treatments on environmental heterogeneity 
Disturbance increased the CV of litter and light (P < 0.001), but not the CV of 
bare ground (P > 0.15). There was no effect of seed addition or the disturbance x seed 
addition interaction on any environmental heterogeneity variable (P > 0.1). 
Effect of treatments on the complete community – resident and added species 
 I found significant increases of patch richness, spatial turnover, and 
community richness in response to disturbance and seed addition (Table 3.2a). There 
was a significant disturbance x seed addition interaction for spatial turnover and 
community richness, but not patch richness, in the model including ND plots. This 
interaction occurred because seed addition increased spatial turnover and community 
richness in the presence of disturbance, but had no effect in the absence of 
disturbance (Fig. 3.2a-c). When the ND plots were removed from analysis, the 
interaction term remained significant only for spatial turnover (Table 3.2b). Post-hoc 
tests from the model with ND plots removed revealed that the complementary species 
pool increased spatial turnover over the resident pool at all disturbance levels (SD, 
FD, and SFD), but the redundant pool only increased spatial turnover over the 
resident pool for two of three (FD and SFD) disturbance levels (Fig. 3.2b), showing 
that the effect of disturbance on spatial turnover was consistently greatest when seeds 
of complementary species were added. There was also a trend toward greatest spatial 
turnover in the treatment combination of SFD with the complementary species pool, 
 82 
which represented a combination of the greatest level of disturbance heterogeneity 
and greatest functional diversity of the species pool (Fig. 3.2b).  
In contrast to spatial turnover, community and patch richness were influenced 
only by seed addition, and not disturbance treatment, when ND plots were removed 
(Table 3.2b). Post-hoc tests of the model excluding ND plots showed that the 
complementary seed addition treatment, but not the redundant treatment, increased 
patch richness over the resident pool (Fig. 3.2a; P < 0.05). Both seed addition 
treatments increased community richness over the resident pool, and the 
complementary treatment caused the greatest increase (Fig. 3.2c; P < 0.05).   
Effect of treatments on added species 
 In the model including ND plots, patch richness, spatial turnover, and 
community richness of added species increased with disturbance and seed addition, 
with a significant disturbance x seed addition interaction for all three diversity 
measures (Table 3.2a). This interaction occurred because both seed addition 
treatments increased diversity over the resident pool in the presence of disturbance, 
but only the complementary treatment increased diversity in the absence of 
disturbance (Fig. 3.2d-f). When the ND plots were removed, the interaction remained 
significant for spatial turnover and community richness (Table 3.2b). Although both 
seed addition treatments increased spatial turnover and community richness over the 
resident pool, the combination of the complementary species pool treatment with the 
SD and SFD treatments maintained the highest spatial turnover and community 
richness, which represented the effect of the greatest functional diversity of the 
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species pool combined with two levels of disturbance heterogeneity (Fig. 3.2e and 
3.2f).  
In contrast to spatial turnover and community richness, patch richness was 
only influenced by seed addition, and not disturbance, when ND plots were removed 
(Table 3.2b). Post-hoc tests of the model excluding ND plots showed that both seed 
addition treatments increased patch richness over the resident pool, and the 
complementary treatment caused the greatest increase (Fig. 3.2d; P < 0.05).   
Relationship between environmental heterogeneity and spatial turnover 
 Spatial turnover was significantly (α = 0.05) correlated with CV of litter (r2 = 
0.30, P < 0.001) and CV of light penetration (r2 = 0.42, P < 0.001). There was a trend 
toward a relationship between spatial turnover and the CV of bare ground, although it 
was not significant (r2 = 0.05, P = 0.06). There was a significant seed addition x CV 
interaction term for litter (Table 3.3, Fig. 3.3), showing that seed addition affected the 
response of spatial turnover to litter heterogeneity. There was evidence of a similar 
effect of seed addition on the response of spatial turnover to light heterogeneity, but 
the interaction term was not statistically significant (Fig. 3.3; P = 0.059). This 
interaction between seed addition and environmental heterogeneity variables occurred 
because the seed addition treatments increased the effect of environmental 
heterogeneity on spatial turnover. There was a trend toward the greatest effect of 
environmental heterogeneity on spatial turnover, indicated by the greatest slope, when 
seeds of complementary species were added (Fig. 3.3).  
 84 
DISCUSSION 
 I found evidence supporting my predictions about the effect of spatial niche 
dimensionality, species pool dimensionality, and species sorting on coexistence. The 
disturbance treatments created successional niche heterogeneity that increased 
diversity. Functional complementarity among added species also increased diversity 
compared with communities that had functionally redundant species or no species 
added. The effect of environmental heterogeneity on the spatial turnover of 
community composition was the greatest in the presence of a complementary species 
pool, showing the importance of trait variation among species for exploiting variation 
among patches, and suggesting niche-based coexistence through species sorting. 
Niche and dispersal limitation 
 I found evidence for both niche and dispersal limitation of diversity and that 
these two constraints on coexistence interact in this system. Disturbance increased all 
measures of diversity both in the absence and presence of seed addition, showing that 
the availability of establishment microsites limits colonization and species richness in 
this grassland. There was an interaction between disturbance and seed addition for 
several measures of diversity, including richness of the complete community, 
indicating that the ability of disturbance to influence coexistence is constrained by the 
available species pool. In general, the magnitude of the interaction was greater for 
added species compared to the complete community. This result is not surprising 
since the added species were experimentally manipulated and the complete 
community contained naturally occurring variation in species composition among 
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plots; however, it does show that disturbance and an enhanced species pool had a 
relatively greater effect on colonization and recruitment than on overall community 
richness. The effect of the interaction was consistently significant for spatial turnover 
of both the added species and the complete community, suggesting that disturbance 
created environmental heterogeneity and the community response to this 
heterogeneity was limited by the available species pool. 
In fact, disturbance increased spatial turnover as well as the heterogeneity of 
litter and light, two factors that can strongly influence plant performance at the 
establishment stage (Grubb 1977; Foster & Gross 1998; Rees et al. 2001). These 
results suggest that spatial turnover among patches increased when disturbance 
created successional niche opportunities, which were likely due to the increased 
availability of establishment microsites that were exploited by competitively inferior 
species (Grubb 1977; Connell 1978; Huston 1979; Sousa 1979) and an increase in the 
spatial heterogeneity of environmental conditions important for plant growth. This 
finding is consistent with my previous study of prairie vole burrows, which found that 
community composition, litter biomass, and light levels were more variable on 
burrows than in undisturbed grassland (Questad and Foster 2007; Chapter 2), 
suggesting that although vole burrows can create dynamic, non-equilibrium 
environments at small scales, they may create stable coexistence at the community 
scale by maintaining successional niche opportunities throughout the habitat (Pacala 
& Rees 1998; Amarasekare 2003; Chase & Leibold 2003; Kneitel & Chase 2004; 
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Urban 2004; Chase et al. 2005; Vandvik & Goldberg 2006; Cadotte 2007; Questad & 
Foster 2007; Chapter 2). 
Complementarity and species sorting 
 Complementarity of the species pool also influenced spatial turnover, 
providing support for deterministic species sorting among patches in the community. 
This result contrasts with a neutral expectation that any observed spatial turnover in 
species composition should occur independent of differences in competitive traits or 
demographic rates (Hubbell 2001). In this study I observed that spatial turnover was 
consistently greater in plots that received seeds from the complementary pool 
compared to the redundant pool, illustrating the importance of functional trait 
diversity and trade-offs among species for partitioning environmental differences 
among patches.  
Thus, species sorting appeared to influence coexistence in these communities 
when disturbance increased niche opportunities and when the species pool contained 
species that could exploit these niches. I found the effect of disturbance on spatial 
turnover to be consistently greater when the species pool contained complementary 
species. There was also a trend toward greatest spatial turnover with the most 
heterogeneous disturbance treatment, but only when the species pool contained 
complementary species. Furthermore, the addition of complementary species caused 
litter and light heterogeneity to have the greatest impact on spatial turnover. These 
results all emphasize that coexistence depended on sufficient trait variation among 
species in the species pool which allowed them to exploit environmental differences 
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among patches. I found that both spatial niche dimensionality and species pool 
dimensionality strongly influenced species sorting and community-scale coexistence 
in this experiment, and I suggest that these factors may also affect species sorting at 
larger spatial scales, such as among local communities in a metacommunity (Leibold 
et al. 2004). 
 In addition to spatial turnover, the complementary seed addition also 
increased patch richness of the complete community over the resident pool, but the 
redundant seed addition did not, showing that patch diversity was limited by the 
functional complementarity of species in the species pool and not just the number of 
new species. Competition with the dominant perennial grass species may have 
reduced the establishment of the redundant grass species pool, and the establishment 
of complementary species may have been facilitated by reduced competition with the 
dominant species and with each other. These results provide an important extension 
of previous seed addition studies (e.g., Tilman 1997; Zobel et al. 2000; Foster & 
Dickson 2004) by showing that the effect of an enhanced species pool on local 
diversity was largely a result of complementarity among species that promoted their 
coexistence. It is possible that the outcome may have differed if I had tested 
redundant pools of species other than perennial grasses; however, I chose perennial 
grasses because they dominate the regional landscape and are maintained through 
management for cattle production. Thus, in addition to highlighting the importance of 
complementarity for coexistence, this experiment also shows how a landscape-scale 
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change to dominance by a single functional group may reduce the ability of the 
species pool to affect coexistence.  
Comparison with other studies 
 Two other studies have examined the interplay between environmental 
heterogeneity and species pools. In contrast to my results, Reynolds et al. (2007) 
found that in a nutrient-poor grassland there was no effect of fertilizer heterogeneity 
on species richness even in the presence of species added to reduce dispersal 
limitation. In their study, nitrophilic clonal species appeared to exploit patches of 
fertilizer, leaving few resources available for other species colonizing from seed 
(Reynolds et al. 2007). It is possible that by manipulating spatio-temporal disturbance 
patterns, my experiment contained niche opportunities that did not exist in their study, 
which enhanced the spatial niche dimensionality of communities. My results are 
similar to a study of microtopographic heterogeneity in wetlands in which three 
species pools with different numbers of species were added to homogeneous and 
heterogeneous environments (Vivian-Smith 1997). The wetland study showed that 
heterogeneity increased diversity, but this increase was greatest when the greatest 
number of species were added to the heterogeneous habitat. My results suggest that 
this increase in diversity may have been due to the increased trait diversity in the 
species pool that allowed species to partition resources among patches, affecting 
coexistence through species sorting. 
Previous studies have also shown that disturbance can decrease turnover in 
community composition by consistently favoring the same disturbance-adapted 
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species (Chase 2003; Collins & Smith 2006; Chase 2007; Houseman et al. in press). 
My study provides contrasting evidence, which suggests that the effect of disturbance 
on turnover in community composition is context-dependent. By creating 
disturbances at different times, I may have created colonization opportunities for 
disturbance-adapted species that disperse at different times or that exploit resources 
seasonally through phenological differences. In addition, it is possible that 
disturbance can increase spatial turnover when species that take advantage of 
colonization opportunities are spatially distributed, such as in the seedbank, or when 
species pool complementarity is high, and species that can exploit colonization 
opportunities are not dispersal-limited; whereas disturbance may decrease spatial 
turnover if the species pool does not contain sufficient functional diversity.   
Conclusion 
 By manipulating environmental heterogeneity and species pool 
complementarity in a spatially explicit experimental framework, I have demonstrated 
the importance of both spatial niche dimensionality and species pool dimensionality 
for influencing coexistence through species sorting. My experiment showed that 
spatio-temporal disturbance patterns increase diversity by creating colonization 
opportunities and increasing successional niche heterogeneity. Complementarity 
among species increased the effect of the species pool on diversity, most likely due to 
decreased competition and the ability of species with different traits to exploit 
environmental differences among patches. I manipulated resource pulses instead of 
constant supply rates, which is a departure from the traditional equilibrium 
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framework used by other studies of environmental heterogeneity in grasslands 
(Collins & Wein 1998; Stevens & Carson 2002; Baer et al. 2004; Wijesinghe et al. 
2005; Reynolds et al. 2007). My study emphasizes that community-scale coexistence 
in perennial grasslands can be enhanced by small-scale non-equilibrium dynamics 
and species sorting among heterogeneous niches. 
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Table 3.1. Species in added species pools.  The functionally redundant species pool is 
equal numbers of seeds of 13 perennial grass species. The functionally 
complementary species pool is equal numbers of seeds of 13 species in many 
functional groups. C3 denotes cool-season grass species that use a 3-carbon 
compound during photosynthesis. C4 denotes warm-season grass species that use a 4-
carbon compound. Nomenclature follows GPFA (1986). 
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Table 3.2. Patch richness, spatial turnover, and community richness for analysis of all 
species and added species. F-statistics reported for A) ANOVA including ND 
treatment. The model included block as a random variable (df = 5), disturbance (df = 
3) and seed addition (df = 2) as fixed variables, disturbance x seed addition (df = 6), 
and error (df = 55). Added community richness and added spatial turnover were 
square root-transformed to improve HOV. B) ANOVA excluding ND treatment to 
test for differences in richness among disturbance treatments. Model terms were 
block (df = 5), disturbance (df = 2), seed addition (df = 2), disturbance x seed addition 
(df = 4), and error (df = 40). Added spatial turnover was square root-transformed to 
improve HOV. *P<0.05, **P<0.01, ***P<0.001 
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 Disturbance x  
Seed Addition 
Disturbance Seed 
Addition 
Block 
 
A) ND treatment included 
ALL SPECIES     
Community richness 2.39* 99.14*** 25.35*** 4.89**  
Spatial turnover 3.05* 92.07*** 23.76*** 3.81** 
Patch richness 0.45 43.50*** 11.16*** 6.01*** 
     
ADDED SPECIES     
Community richness 6.92*** 58.96*** 272.77*** 1.51 
Spatial turnover 8.32*** 48.85*** 258.82*** 1.12 
Patch richness 4.37**  35.59*** 161.83*** 7.19*** 
 
B) ND treatment excluded 
ALL SPECIES     
Community richness 2.05 2.50 29.89*** 2.76*  
Spatial turnover 2.76* 4.09* 26.69*** 2.06 
Patch richness 0.33 0.18 11.63*** 4.86** 
     
ADDED SPECIES     
Community richness 5.40** 11.74*** 517.85*** 1.02 
Spatial turnover 8.45*** 7.46** 505.29*** 2.57* 
Patch richness 0.34  1.51 148.66*** 3.73** 
 
 95 
Table 3.3. The effect of seed addition on the response of spatial turnover to 
environmental heterogeneity. F-statistics reported for ANCOVA. The model included 
seed addition (df = 2) as a fixed variable, the CV of each environmental variable as a 
covariate (df = 1), and the seed addition x CV interaction (df = 2). The error term had 
66 df. †P=0.059, *P<0.05, ***P<0.001,  
 
Resource 
Variable 
Seed Addition x 
CV 
Seed 
Addition 
CV 
    
Litter 2.96† 0.69 35.13*** 
Bare ground 0.60 1.39 1.98 
Light penetration 3.41* 1.26 59.08*** 
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Fig. 3.1. Experimental plot design. Each plot was a 4-m by 4-m square. Eight 1-m2 
patches were randomly located in a grid. We administered disturbance to four patches 
in Spring (dotted squares), Fall (hatched squares), and Spring/Fall disturbance 
treatments. Two patches received disturbance in 2005 and two in 2006. We left four 
patches undisturbed in these three treatments and all eight patches undisturbed in the 
No Disturbance treatment (dashed squares). Areas outside the eight patches were left 
undisturbed. 
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Fig. 3.2. Interaction plots for patch richness, spatial turnover, and community richness 
of the complete community (a-c) and added species (d-f). Disturbance treatments are 
on the x-axis. Lines represent seed addition treatments: resident pool (solid lines and 
circles), redundant pool (dashed lines and triangles), and complementary pool (dotted 
lines and squares). Symbols represent mean values, error bars are two standard errors. 
Letters indicate significant differences among means based on Tukey post-hoc tests 
for significant interaction terms from models with ND treatments removed. 
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Fig. 3.3. Interaction plots for the effect of seed addition and resource heterogeneity on 
spatial turnover. Seed addition treatments are resident pool (solid lines and circles), 
redundant pool (dashed lines and triangles), and complementary pool (dotted lines 
and squares). 
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CONCLUSION 
 Disturbance has had significant impacts on plant community diversity and 
composition in northeastern Kansas grasslands. Some of these impacts have been 
negative, such as the degraded soil quality and reduced plant diversity that occurs 
with grassland management (Chapter 1). Other impacts of disturbance were positive, 
such as prairie vole burrows that were associated with increased environmental 
heterogeneity and plant diversity (Chapter 2), and experimental disturbances that 
increased successional niche opportunities that enhanced species coexistence 
(Chapter 3). It is also clear that the characteristics of disturbance can determine the 
plant community response, including the source, size, and intensity of disturbance 
events. 
 Grassland management practices have caused extensive and significant 
changes to plant community diversity, composition, and spatial structure (Chapter 1). 
These changes arose from historical cultivation that had persistent effects on soil and 
community properties, the replanting of perennial grass species that changed the 
dominance structure of communities, and the contemporary grazing and hay 
management applied to the ecosystem. The influence of contemporary management 
disturbance on site richness and functional group evenness depended on whether or 
not a site was historically cultivated. In addition the differences in richness and spatial 
turnover among management classes depended on the spatial scale and taxonomic or 
ecological resolution of measurement. Management practices that negatively affected 
plant diversity may do so by reducing environmental heterogeneity, increasing 
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dominance by perennial grasses, and decreasing the functional diversity of 
communities. Improving the CRP program and varying hay and grazing management 
in a site may help mitigate some of these negative impacts of management. 
 Prairie vole burrows affected environmental conditions and grassland plant 
diversity at both the patch (1 m2) and metacommunity (> 5 ha) scales (Chapter 2). 
Vole disturbance affected the mean values of nine resource variables measured, 
suggesting that disturbance increased niche opportunities. In addition, burrows 
contributed more to environmental heterogeneity than undisturbed matrix plots. 
Disturbance increased local plant species richness, metacommunity evenness, and the 
presence and abundance of fugitive species. Spatial turnover was high among 
burrows because disturbance shifted the identity of dominant species away from the 
species dominant in the matrix and allowed fugitive species to persist in higher 
abundances. These patterns are consistent with several diversity-maintaining 
mechanisms, including a successional mosaic and alternative successional trajectories 
among burrows created at different times. Thus, the presence of voles in this 
ecosystem was associated with the persistence of fugitive species, a shift in dominant 
species, and increased resource heterogeneity, all of which led to greater 
metacommunity diversity. 
 The effect of the timing of disturbance (Chapter 2) and the functional diversity 
of species in the species pool (Chapter 1) on species coexistence was evaluated 
further with an experiment that tested whether small-scale disturbances create 
environmental heterogeneity (niche dimensionality) and whether the trait diversity of 
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species in the species pool (species pool dimensionality) affects the ability of 
community composition to reflect heterogeneity through species sorting (Chapter 3). 
The disturbance treatments affected coexistence by creating colonization 
opportunities and successional niche heterogeneity. Functional complementarity 
among species increased the effect of the species pool on diversity compared with 
communities that had functionally redundant species or no species added, most likely 
due to decreased competition and the ability of species with different traits to exploit 
environmental differences among patches. The effect of environmental heterogeneity 
on the spatial turnover of community composition was the greatest in the presence of 
a complementary species pool, showing the importance of trait variation among 
species for exploiting variation among patches, and suggesting niche-based 
coexistence through species sorting. This experiment demonstrated the importance of 
both spatial niche dimensionality and species pool dimensionality for influencing 
coexistence through species sorting and emphasized that community-scale 
coexistence in perennial grasslands can be enhanced by small-scale disturbance and 
species sorting among heterogeneous niches. 
 Together, these studies suggest that the negative impacts of human-induced 
disturbance on plant communities can be mitigated by adaptive management practices 
and restoration. Specifically, mid-season hay disturbance may enhance species 
diversity in managed native prairies, small-scale heterogeneous disturbances can 
create niche opportunities in cool-season grasslands with high levels of dominance, 
and functional complementarity among species added as seed can promote the 
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successful establishment of species in grassland restorations. Thus, aspects of natural 
community structure may be restored by understanding the impact of disturbance at 
different spatial scales in plant communities. 
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